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PREFACE

The study reported herein was performed during the period
October 1978 to May 1982 under Department of the Army Project No.
4A161102AT22, "Research in Soil and Rock Mechanics,'" Task A0, Work Unit
002, "Analytical and Data Processing Techniques for Interpretation of
Geophysical Properties."

The work was performed by Messrs. Dwain K. Butler, Ronald E.
Wahl, and Donald E. Yule, Earthquake Engineering and Geophysics Division
(EE&GD), Geotechnical Laboratory (GL), U. S. Army Engineer Waterways
Experiment Station (WES), Vicksburg, Miss.; Mr. Donald E. Barnes, Geo-
mechanics Division, Structures Laboratory, WES; and Dr. Anthony F.
Gangi, Department of Geophysics, Texas A&M University, College Station,
Tex., under the direct supervision of Dr. Arley G. Franklin, Chief,
EE&GD, and the general supervision of Dr. William F., Marcuson III, Chief,
GL. The work by Dr. Gangi was performed under Contract No. DACA39<19-M-
0074 and involved preparing and documenting the computer programS"
REFRDIR and REFRINV. Mr. Wahl developed the computer programs SEISDIG,
SEISPLOT, and REFINT. The computer program DOMER was written by
Mr. Yule. Mr. Barnes developed the computer programs PLOT2 and PLOTLL
and provided assistance in the use of these programs. This report was
prepared by Mr. Butler.

The study was closely coordinated with work planned by
Mr. Joseph R. Curro, Jr., Chief, Field Investigations Group, EE&GD, GL,
under CWIS Work Unit 31150, "Remote Delineation of Cavities and Discon-
tinuities in Rock," and by Mr. Butler under DA Project No. 4A161101A91D,
"Assessment of Microgravimetry for Geotechnical Applications."

COL Tilford C. Creel, CE, was Commander and Director of WES
during the conduct of this study. Mr. Fred R. Brown was Technical

Director.
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L CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
1 UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted

to metric (SI) units as follows:

\ Multiply By To Obtain B
n feet 0.3048 metres
inches 2.54 centimetres
miles (U. S. statute) 1.609347 kilometres
1
®
®
-
.
®
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ANALYTICAL AND DATA PROCESSING TECHNIQUES FOR INTERPRETATION OF
GEOPHYSICAL SURVEY DATA WITH SPECIAL APPLICATION TO
CAVITY DETECTION

PART I: INTRODUCTION

Background

1. In foundation investigations for permanent military facilities
ranging from the common post facilities such as hospitals, barracks,
etc., to underground command, control, and communication (C3) facilities,
there is a need for accurate information on subsurface stratigraphy,
structure, and physical properties. Presently, this information is
obtained through a combination of drilling, laboratory testing, and geo-
physical testing. Emphasis in the field investigation is on drilling
and logging of borings which is a relatively expensive procedure. Often
as much as five percent of the construction cost is expended in geotech-
nical investigations for military facilities and over half of this is
spent in the field. Geophysical methods have the potential for reducing
these costs; however, the full potential of geophysical methods to
reduce the number of borings required is not presently being utilized
partly because processing and interpretation of geophysical data in the
U. S. Army Corps of Engineers usually is done manually. This has evolved
primarily because judgment is required in the data reduction and inter-
pretation process. The manual methods are very labor-intensive, and
frequently there are considerable delays in reporting survey results
due to processing "backlogs."” Also, since hand methods are being used,
recent developments in wave propagation and potential field theory,
which involve large amounts of computation and could assist in the inter-

pretation of data, are not being utilized.

Applications of Geophysical Methodology

2. The various types of surface and subsurface geophysical

methods are reviewed in Engineer Manual 1110-1-1802 (Department of the

e
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Army, 1979). This report will concentrate on three of the surface geo-
physical methods and one cross-borehole method:

Electrical resistivity.

o |

. Microgravimetry.

. Seismic refraction.

e |o

. Crosshole seismic method.

3. In addition to foundation investigations to aid in facility
design and construction, geophysical methods are applicable to post-
construction facility development functions, such as groundwater explor-
ation, and monitoring functions, such as groundwater contamination
detection and subsurface intrusion prevention and detection. Table 1
summarizes the applicability of the above four geophysical methods to
various military facility design, construction, development, and moni-

toring functions.

Geophysical Data Sources

4., As described in the Preface, the work described here was
closely coordinated with two other research efforts. In this way,
efforts under the three projects were complementary, and relevant field
data were available for processing and interpretation using techniques
developed during the present work. Specifically, the field efforts
involved the evaluation of some 28 geophysical techniques for cavity
detection and delineation at two natural cavity test sites in Florida,
and many of the examples used in this report are drawn from the data
from these sites. Figure 1 is a location map showing the two sites.

The Medford Cave site has a relatively shallow (<10 m) air-filled

cavity system; Figure 2 shows a plan view of the known cave system and
the geophysical survey area at the site. The Manatee Springs site has a
deeper (30 m) water-filled cavity system; Figure 3 is a plan map of the

known cavity system and the area used for the geophysical surveys.

Cavity detection and delineation is considered a particularly appropriate

application since the presence of cavities, either natural (e.g., solu-

tion cavities in carbonates) or man-made (abondoned mine workings or
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Table 1
Applicability of Geophysical Methods

Geophysical Method
Seismic Seismic Electrical
Use of Method Refraction Crosshole Resistivity Microgravity

Site selection 1 4 1 1

Stratigraphy and
lithology defini-
tion 1 1 1 3

Depth to top of
rock 1 4,5 1,2 1,2

Geologic struc-
ture determina-
tion 1,2 2,3 1,2 1

Groundwater
exploration and
assessment 1 4,5 1 1,2

Groundwater
contamination
detection 5 5 1 5

Construction

materials

exploration

(sand and

gravel) 2 . 4,5 1 2

Facility monitor-
ing/perimeter
integrity 3,4 4 1 1

1 - Primary usefulness

2 - Secondary usefulness

3 - Has indirect or limited usefulness

4 - Could be used but not best or practical approach
5

3

- Not applicable

2,3 - Indicates a range of 2 to 3, or that applicability may vary
depending on circumstances
®
7 ) .
]
3
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clandestine tunnels) presents problems for facility foundations as well

as for base perimeter security.

Purpose

5. The purpose of this report is to document new and/or improved
analytical and data processing techniques for interpretation of the
results of geophysical surveys. The work has involved (a) acquiring,
improving, and modifying existing computer codes; (b) writing new comput-
er codes in-house; and (c) producing new computer codes by contract
sources. All of the work is designed to improve and speed up data
acquisition and processing and to improve and extend capabilities for

interpreting engineering properties from geophysical surveys.

Scope

6. Part II of this report covers the resistivity methods,

Part III covers the microgravimetric techniques, and Part IV covers the
seismic methods. A summary and recommendations for future work are pre-
sented in Part V. The coverage of the geophysical techniques is limited
to a brief review of the concepts and field procedures of the techniques
listed in paragraph 2, followed by computer program documentation and
examples of the use of the computer programs. Table 2 is a summary list
of all the computer programs documented in this report and gives perti-
nent features of each as well as where the documentations and program

listings can be found.

11
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PART II: SURFACE ELECTRICAL RESISTIVITY METHODS

Background

7. All surface electrical resistivity methods considered in this
section involve linear four-electrode geometries (arrays). The four
most common electrode arrays are illustrated in Figure 4. In each of
the four arrays, an electrical current I 1is input to the ground at
electrodes Cl and 02 . Electrodes Pl and P2 are used to measure
a potential difference AV . The following equation can be used to

calculate an apparent resistivity pA
pPA = K. ~— (1)

where KG is a geometric factor which depends on the array type and
electrode spacings within the array. For the Wenner array (Figure 4a),
K, = 2ma ; and for the Schlumberger array KG = 18 [(L/s)2 1/4] ,
where s = P1P2 and L = ClCZ/2 (generally L > 5s) . 1In the pole-
dipole array, electrode 02 is placed at effective infinity (generally

Csz > 5 to 10 times the maximum value reached by C.P, during a survey

1°2
is sufficient); and KG = 2nR1R2/(R2-Rl) , where R1 = C1P1 and R2 =
CIPZ (R2 - Rl = P1P2) . Finally, for the dipole-dipole array, KG =
rra(n” - 1) , where r = C1C2 = PlP2 and Clpl = CZPZ nr.

8. The resistivity given by Equation 1 is called an apparent
resistivity since it may not actually be the true resistivity of ;ny of
the subsurface materials. This fact can be illustrated by a conceptual
example: consider a layer of soil over a bedrock which is very thick.
If, say, a Schlumberger or Wenner electrode array is used to study the
example just presented, the following facts can be stated: (a) for
electrode spacings a or L much smaller than the soil layer thickness,

the measured apparent resistivity (pA) approaches the true resistivity

of the soil (ol) 3 (b) for electrode spacings a or L much greater
than the soil layer thickness, the apparent resistivity approaches the
true resistivity of the bedrock (pz) ; and (¢c) for a or L values

14
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Figure 4. Four commonly used resistivity electrode arrays

between these two extremes, the apparent resistivity will be interme-
diate in value (i.e., the measured apparent resistivity will be a volume
average of PL and Py » with the volume included in the measurements
increasing with a and L ).

9, Two types of surface resistivity surveys can be conducted,
and these surveys will be termed horizontal profiling and vertical
soundings. In horizontal profiling surveys, electrode spacings are
selected and the entire array is moved along the surface keeping the
spacings constant. If a set of parallel profile lines is surveyed in
this manner, the result will be a grid of apparent resistivity values
over an area for a constant electrode geometry; this grid of data can
then be contoured to produce a resistivity map. Horizontal resistivity

profiling is designed to investigate lateral geologic variations above
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an essentially constant depth of investigation. Frequently the elec-
trode spacings for horizontal profiling are selected on the basis of
the results of a vertical resistivity sounding (described below).

10. In vertical sounding, the electrode array is expanded sym-
metrically about a center point and it is assumed that variations in
apparent resistivity as the electrode spacing increases reflect changes
in true resistivity as a function of depth beneath the surface point of
symmetry of the array. The objective in vertical sounding interpreta-
tion is to determine the true resistivity versus depth variation from
the apparent resistivity versus electrode spacing data. The result will
generally be a layered model consisting of layer thickness and associated
true resistivities. Interpretation is usually accomplished by curve
matching (i.e., matching field data curves with standard curves) or by
the use of a resistivity inversion computer program. Useful discussions
of resistivity theory, field methods, interpretation procedures, and
case histories can be found in Telford et al. (1976), Department of the
Army (1979), Keller and Frischknecht (1966), Zohdy et al. (1974), and
Butler and Murphy (1980).

11. In this section, three computer programs will be described
which assist in the processing and interpretation of resistivity field
data. The first two programs, RESDIR and RESINV, are used for interpret-
ing vertical resistivity sounding surveys. The third program, RESDAT,
is a general purpose resistivity processing program. Also, examples of
the use of the processed and interpreted resistivity results will be
presented as illustrations and as suggestions for future work. All of
the programs are written in FORTRAN IV for use on the U. S. Army Engineer
Waterways Experiment Station (WES) Time-Sharing system; use of the plot-~
ting options requires a Tektronix Digital Plotter on-line at the terminal.

RESDIR: A Computer Program for Solution of the
Direct Problem in Resistivity Sounding

12, The direct or forward problem in electrical resistivity

sounding consists of specifying a resistivity model and then calculating

16
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the apparent resistivities which would be observed by a given electrode
array on the surface of the model. For present purposes, the class of

models consisting of horizontal layers with resistivities and

p
i
thicknesses hi is considered, where 1i specifies the ith layer; this

class of models is illustrated in Figure 5. Unlike the inverse problem
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o
]
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e e e— a— —
Py A — hy

°h (hélf—space)

Figure 5. Resistivity model,
n-layers with horizontal inter-
faces
of deducting a possible model directly from field resistivity sounding
data, the direct resistivity sounding problem is unique; i.e., for a
given electrode geometry and resistivity model, there is only one pos-
ible sounding curve.

13. RESDIR is a FORTRAN computer program which solves the direct
problem in resistivity sounding using linear filter theory (Ghosh, 1971a,
b). The filters were derived by Davis (1979a) and the program described
in Davis (1979a, b) and Mooney (1979). The program was adopted for use
on the WES computer time-sharing system and an output plotting option was
added. For a given electrode array, Wenner, Schlumberger, or axial
dipole-dipole, the program computes and plots the apparent resistivity

sounding curve. Beginning with a user-specified initial electrode

17
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spacing, the apparent resistivity values are computed at six points per
decade of electrode spacing. A listing of RESDIR is presented in
Appendix A.

Input data
14. All data are input in a free-field format with prompting

messages; i.e., the specified parameters are input consecutively,

separated by commas. Individual input lines and parameters are

described below and also in comment statements in the program listing

(Appendix A). The units must be consistent, e.g., if resistivities in

ohm-m, then layer thicknesses and electrode spacings must lie in m .
Input No. 1: INDEX

Index--specifies array type; enter 1 for Schlumberger
array, 2 for Wenner array, or 3 for dipole-
dipole array.

Input No. 2: SPAC, E, M

SPAC--smallest a-spacing (for Wenner array), or smallest
L-spacing (for Schlumberger array).

E--specifies number of layers in the chosen model.

M--specifies total number of apparent resistivity
values to be calculated (at rate of six per decade
beginning with SPAC)

Input No. 2A: IX
Input only for dipole~dipole array (INDEX = 3).

IX--enter 0 if r 1is varied (n constant) or enter 1 if
n 1is varied (r constant).

Input No. 2B: N-values

If IX = 0, enter only one N-value
If IX 1, enter M N-values.

Input No. 3: Model Parameters (P(I), I =1, 2E - 1)

Enter E-1 layer thicknesses, immediately followed by
E layer resistivities.

The above input sequence is repeated for additional models; normal pro-
gram selection is terminated by inputting O (zero) for INDEX.
Program input

15. Printed output from the program consists of a listing of the

input model and then a listing of the computed apparent resistivities and

18
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corresponding electrode spacings. Optional plots of apparent resis-

tivity versus electrode spacing for Wenner or Schlumberger arrays can

be generated; either arithmetic or logarithmic plots can be selected. -
The plots are generated by a CALL PLOT2 (X, Yn, N) or CALL PLOTLL (X,

Y, N) command, where X and Y are the parameters to be plotted and

N is the number of values. PLOT2 and/or PLOTLL are used in nearly all

the programs in this report and are documented in Appendix B; the plot -

i vﬂjﬁ‘r bl

specification input sequence is the same for all programs in this
report.

Examples
16. RESDIR can be used to generate sounding curves for hypothet-

B~ B

ical field situations and as an aid in interpreting field sounding data.
17. Example 1. Consider the hypothetical two-layer case shown

in Figure 6; the plots demonstrate the appearance of the sounding curves
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Figure 6. Two-layer resistivity sounding curves, Wenner electrode B 1
array, computed using RESDIR (For both cases, hl = 10m and L= ]
300 ohm-m.)
4
®
19 ) 1
o | L | o | L 4 ] L L L . L ] . L J L !
'''''' e PRSP asfenainate - ad




using a Wenner array for two cases, where Py = l/3p2 and where P =
392 ; the layer thickness is the same for both cases. The input data
and program output are shown in Figure 7 for the case where Py = l/3p2 .
18. Example 2. As an example of the use of RESDIR for generation
of sounding curves for hypothetical field situations, consider the
three-layer model in Figure 8. The objective of this model is to simu-
late the case of an alluvial aquifer above a resistant basement; i.e.,
. layer 1 represents an unsaturated sandy soil, layer 2 represents the
alluvial aquifer (saturated sandy soil), and layer 3 represents the
resistive basement rock. The aquifer thickness is constant at 10 m, and
three different depths to the top of the aquifer are considered. Sound-
ing curves for the three cases using a Schlumberger array are also shown
in Figure 8. Results such as shown in Figure 8 could be used for asses-
sing the feasibility and limitations of resistivity sounding for detect-

ing the presence of an aquifer.

RESINV: A Computer Program for Solution of the
Inverse Problem in Resistivity Sounding

19. The inverse problem in resistivity sounding requires that a
model be deduced from a set of resistivity sounding field data. Use of
the program RESINV to solve the inverse problem requires that an initial
model (number of layers, layer thicknesses, and resistivities) be speci-
fied; this initial model can be determined by examination of the field
data. The number of layers in the initial model will not be altered by
the program; however, the layer thicknesses and resistivities will be
iteratively adjusted until a good fit to the field data is achieved. The
inversion scheme is described in Davis (1979a) and the program is de-
scribed in Davis (1979a, b) and Mooney (1979). Davis used an inversion
procedure developed originally by Merrick (1977) for Schlumberger sound-
ing data. The iterative adjustment is accomplished using Marquardt's
algorithm (Marquardt, 1963), which is an optimized combination of

Newton-Gauss and gradient inversion methods.
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INPUT NO. 1---INDEX (ARRAY TYPE)
=2

INPUT NO. 2~-SPAC,E,M

=1,2,13

INPUT NO. 3, MODEL PARAMETERS, THICKNESSES(H) AND RESISTIVITIES(R)---H
(1),H(2),....,H(E-1) ,R(1),....,R(E)

=10,300,900

APPARENT RESISTIVITY VALUES

WENNER ARRAY

2 LAYER MODEL.

LAYER NO. THICKNESS RESISTIVITY
1 10.000 300.000
2 900.00
SPACING RHO
1.00 300.114
1.47 300. 369
2.15 301.155
3.16 303.505
4.64 310.133
6.81 326.964
10.00 363.097 o
14.68 425.195 ‘
21.54 509.295
31.62 602.067
46.42 689.895
68.13 763.446 :
100.00 818.245 o

Figure 7. Input data to RESDIR and program output for the case

p, = 1/3p, shown in Figure 6 (User input is indicated by an
1 2 Tt
=' gign.)
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Figure 8. Schlumberger array sounding curves for three-layer model
with p, = 1000 ohm~m , p, = 100 ohm-m, p, = 2000 ohm-m, and h2 =
10 m (Case 1—-—hl = 10 m ;" Case 2--hl = 50"m; Case 3—-h1

= 100 m?)
20. Using the techniques of RESDIR, apparent resistivities for
the initial model are computed and compared with the field data. A
derivative matrix consisting of partial derivatives of apparent resis-
tivity with respect to each model parameter is computed. Corrections

to each model parameter are determined from a generalized inversion of

the derivative matrix. The corrections are added to initial model and
a new set of apparent resistivities and layer thicknesses are computed.
This procedure is continued until the root-mean-square (rms) error falls
- below a specified convergence criterion.
21. Even though a given initial model may be adjusted to a final o
uwodel which results in computed apparent resistivities that closely fit
field data, the model is not unique and may not be geologically correct

or even reasonable. Any independent geologic control which is known for
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the site should be utilized to constrain the inversion process; any of
the model parameters can be specified as fixed, as dictated by geologic
control, and will not change during the inversion process. In general,
the minimum number of layers required to produce the essential features
of the field sounding curve should be used initially, adding layers for
subsequent models only if a good fit is not achieved with the minimum
number of layers. The initial model can be chosen by the use of graph-
ical and empirical techniques, such as curve-fitting, asymptotes, and
inflection points of field curves, Barnes layer method, Moore cumulative
method, inverse slope method, or, in many cases, just by examination of
the field-sounding curve (Hugdahl and Dahl, 1979; Barnes, 1954; Sanker
Narayan and Ramanujachary, 1967; Moore, 1945; Telford et al., 1976). The
examples which follow will illustrate some of these techniques. Success~
ful use of RESINV depends to a greater extent on the particular set of
data involved, the quality of the data (including lack of lateral effects*
in the data), and the experience of the interpreter. The best results
with RESINV will be achieved when there is good geologic control and/or
when the interpreter is familiar with the geologic sequence likely to be
encountered in a particular area.
Input data

22. All data are input in free-field format. A progrsdé ! sting
for RESINV is in Appendix C. Input data requirements are as follows:

Input No. 1: INDEX

INDEX--array type; enter 1 for Schluwberger array,
2 for Wenner array, or 3 for dipole-dipole array

Input No. 2: SPAC, E, M, NN, RMSC

SPAC--smallest a-spacing (for Wenner array) or smallest
L-spacing (for Schlumberger array)

E--specifies number of layers for model

* Lateral effects, i.e., lateral or horizontal changes in resistivities
of near-surface materials, can introduce errors in the inversion model
and in some cases may result in fictitious layers in the model. Many
times, lateral effects can be easily recognized on resistivity shift-
ing of curve segments (for Schlumberger soundings) or graphical
smoothing.
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M--number of field readings
NN--number of fixed layer (model) parameters

RMSC--root-mean-square error cutoff value in percent
(typically use 1 to 5 percent).

Input No. 2A: IX (Input only for dipole-dipole array,
INDEX = 3)

IX--enter 0 if r 1is varied (n constant) or enter 1
if n 1is varied (r constant)

Input No. 2B: N

If IX =
If IX =

Input No. 3: 1INDX1

0, enter one n-value
1, enter M n-values

INDX1l-~enter 1 if field data are at perfectly logarith-
mic electrode intervals, or enter Q0 if otherwise

Input No. 3A: (SN(1), SN(2), ....SN(M)
SN(1)-~electrode spacings, M-values. Skip if INDX1l = 1.
Input No. 4: R2(1), R2(2), ....R2(M)

R2(1l)-~field apparent resistivities, M-values, each
corresponding to SN(1)

Input No. 5: Model parameters (P(I), I =1, 2E - 1)

Enter E-1 layer thicknesses, immediately followed by
E layer resistivities

Input No. 6: (NF(I), I = 1) NN)

NF(I)--fixed parameters. There should be a total of
NN numbers specifying which of the model
parameters in Input No. 5 are to be fixed. The
NF number assignment is consecutively from
NF = 1 for P(1) to NF = 2E - 1 for P(2E - 1).

23. Program execution will terminate when (a) the rms error
drops below RMSC, (b) the program completes-ls iterations, (c) a minimum
is reached before either (a) or (b) occurs and all further iterations
increase the sum of squares (in this case, the note "J1 = JMAX--TRIAL
MODEL will not converge," or (d) INDEX is set equal 0. The program will
cycle to accept another set of data until INDEX = O is input.

P:ggzam output

24. Program output consists of printed listings of the results
of the input initial model calculations (iteration No. 0) and computed
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final model calculations and plots of field data, initial model, and
final model. The output sequence and content is as follows:

a. The results of iteration No. 0 are printed; these

consist of a tabular listing of the input initial model
parameters, tabular listing of electrode spacing, com-
puted model apparent resistivity, and field apparent
resistivity, and finally the rms error.

b. A plot of the sounding curve for the input initial
model is now generated (see Appendix B for plot specifi-
cation input sequence).

c. An optional plot of the field sounding curve can now be
generated superimposed on the plot in b.

d. The results of the final iteration are printed (includ-
ing final rms error).

e. A plot of the sounding curve for the final (best-fit)
model is generated, which can be superimposed on the
plots in b and c.

Examples

25. Example 1. 1In order to illustrate the input parameter
sequence and the capability of RESINV to converge to a known model, the
sounding curve corresponding to case 1 in Figure 8 was digitized and the
resulting apparent resistivity versus L-spacing data were input to RESINV.
The apparent resistivity values for 12 selected electrode spacings
(from 6 to 400 m) were estimated directly from the log-log plot, so the
input data would have '"noise'' due to errors in estimating values from the
plot. An initial three-layer model was deduced from the general features
of the sounding curve in Figure 8 and input to RESINV. Results of the
use of RESINV to find a best-fit, three-layer model to the input data
are shown in Figure 9 as Case I; the known model and the initial model
are also shown. The best-fit, three-layer model labeled Case II in
Figure 9 is the result of inputting the exact equally spaced (logarith-
mically) output data from RESDIR corresponding to Figure 8, using the
same initial model as in Case I. For Case II, the program converges
exactly to the known model; and for Case I, the final model is accept~-
able, with the greatest discrepancies for the second layer parameters.
Figure 10 shows the input data and tabular output for Case I, and
Figure 11 shows the plotted output (field data sounding curve and sound-

ing curve and sounding curves for the initial and best-fit models).
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Initial Case 1 Case I1
Model Used RESINV Best RESINV Best
Known for Input Fit Model (8 Fit Model (7
Model to RESINV Iteracions*) Iterations**
h1 = 10.00 h1 = 9.88 h1 = 10.00
Py = 1000.00 i 980.94 oy = 1000.00
h1 = 20.00
h2 = 10.00 pl = 1000. 00 h2 = 13.49 h2 = 10.02
Py = 100.00 Py = 135.56 Py = 100.15
Py = 2000.00 Py = 2000.00
Py = 1899.98

h2 =  30.00
Py = 300.00
Py = 1500.00

* RMS error
*%* RMS error

1.026; model began to diverge with 9th iteration
0.002

Figure 9. Demonstration of ability of RESINV to converge to a

known three-layer model from an initial model guessed from qual-

itative features of the sounding curve (calculated with RESDIR);

Case I - arbitrarily spaced data with errors and Case II - equal
logarithmically spaced exact data
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Figure 10. RESINV input data and tabular output for Case 1, Figure 9
(User input indicated by '=' sign.)
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26. Example 2. Figure 12 is a plot of data from a Schlumberger
sounding at a site about 8 km northwest of Vicksburg, Miss.* Qualitative
evidence for as many as four layers can be seen in the sounding curve.

:‘ An initial model, deduced from the sounding curve, for input to RESINV
is also shown in Figure 12. Results of the inversion by RESINV are

shown in Figure 13, where the sounding curve for the best-fit model (also

illustrated in the figure) is indistinguishable from the field data.

27. The sequence of resistivities in the model shown in Figure 13
is geologically reasonable for the site: Layer 1 - sand fill; Layer 2 -
saturated silts, sands, and clays with organic material; Layer 3 -
freshwater sands and gravels; Layer 4 ~ Yazoo clay. Depth to the top
of Layer 4 (v90 m), however, seems too large, since depths of 60 to

70 m are typical, although the depths are highly variable.

RESDAT: A General Purpose Resistivity
Data Processing Program

28. RESDAT is a general purpose computer program for processing
resistivity field data. The basic function of the program is to take
raw resistivity field data and process the data using Equation 1 to
produce tabular and plotted output of resistivity as a function of
profile position or electrode spacing for horizontal profiling or vert-
ical sounding, respectively. Data from the following survey types can
be accommodated: Wenner profiling, Wenner sounding, Schlumberger pro-

filing, Schlumberger sounding, and pole-dipole surveying. In the case

of Wenner and Schlumberger sounding data, an option is available to
directly access a subroutine version of RESINV to interpret the data in
terms of a resistivity model. For Wenner sounding data, options are ®
available for producing cumulative sum (Moore, 1945) and/or inverse
resistivity (Sanker Narayan and Ramanujachary, 1967) plots.
Input data
29. All data are input in free-field format. A program listing L
for RESDAT is given in Appendix D. If field resistance data (AV/I) are

* Figure 12 was produced by the use of RESDAT to process the field data.
RESDAT is discussed in the next section of this Part,
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Figure 11. RESINV sounding curves (initial model, field data,
and final model) for Case I in Figure 9
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Figure 12. Schlumberger sounding curve obtained at site
near Vicksburg, Miss.
o
29 -
° L o ° ° o o . o ° o ) ° v o ©
1
1
e —————— -
—— i . . P




Final Model

Layer
408, ~ o= === = INITIAL MODEL Thickness, Resistivity, Geology
) m Ohm-m
————— FIELD DATA 5.8 382 Fill (Sand)
— — e FINAL MODEL
Saturated
43.4 21.5 silts and
308. - clays
. Freshwater
E 42.8 174 sands and
a gravels
g & 0.001 Yazoo Clay
o L
« 1
E \
s |
< 100. -
o \
\
] S-r- T L ] 1 )
8. 80. 108, 180. 200. 2508, 300.
L-SPACING, M

Figure 13. Results of RESINV inversion of field sounding

curve and initial model shown in Figure 12

in ohms and electrode spacings are in m (ft), then resistivities will be

in ohm-m (ohm-ft). Input data are explained as follows:

Input No. 1: Survey Type

For

1--Wenner profiling
2--Schlumberger profiling
3--Wenner sounding
4--Schlumberger sounding
5--Pole-dipole survey

Survey Type 1:
Input No. 2: A, N

A--a-spacing (see Figure 4a)
N--number of data points

Inout No. 3: X1, Rl, X2, R2, ...SN, RN

X,--profile coordinate of ith data poin
Ri—-field resistance (AV/I) value for i data point

Input No. 4:

Is factor (27) included in field resistance data?
Type 1 for yes and 2 for no.
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For Survey Type 2:

For

For

Input No. 2: S, L, N

S, L--S- and L-spacings (see Figure 4b)
N--number of data points

Input No. 3: X1, R1, X2, R2, ..., XN, RN
Same as for Survey Type 1.

Input No. 4:
Same as for Survey Type 1.

Survey Type 3:

Input No. 2: POS

POS--up to 72 characters describing the location of
the resistivity sounding or other pertinent
information

Input No. 3: N
N--number of data points
Input No. 4: Al, R1l, A2, R2, ...AN, RN

A --a-spacing for the ith data point
Ri--field resistance value for the i~ data point

Input No. 5:

Is factor (27) included in resistance values?
Yes (1), No (2)

Input No. 6:
Do you want a cumulative sum plot? Yes (1), No (2)
Input No. 7:

Do you want an inverse resistivity plot? Yes (1),
No (2)

Input No. 8:

Do you want to interpret data? Yes (1), No (2)
If Yes, inputs 8A and 8B are required.

Input No. 8A: E, NN, RMSC

E--number of model layers
NN--number of fixed model parameters
RMSC--rms cutoff in percent

Input No. 8B: (P(I), I =1, 2E - 1)

Model parameters; same as RESDIR Input No. 3.
Survey Type 4:
Input No. 2: POS
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Same as for Survey Type 3
Input No. 3:

Is factor (2m) included in field resistance values?
Yes (1), No (2)

Input No. 4: N
N--number of data points
Input No. 5: S1, L1, R1l, S2, L2, R2, ...SN, LN, RN
Si’ Li-—S— and L-spacing for ith data point
Ri—-field resistance value for the ith data point
Input No. 6:

Do you want to interpret data? Yes (1), No (2)
If yes, inputs 6A and 6B are required.

Input No. 6A: E, NN, RMSC
Same as for input No. 8A, Survey Type 3.
Input No. 6B: (P(I), I =1, 2E - 1)
Model parameters; same as RESDIR Input No. 3.
For Survey Type 5:
Input No. 2: POS

POS-~up to 72 characters describing the pole-dipole
current electrode station location and profile
direction information

Input No. 3:

Is factor (27) included in field resistance values?
Yes (1), No (2)

Input No. 4: PP, N

PP--potential electrode spacing P (see Figure 4c)

N--number of data points
Input No. 5: CPl, R1, CP2, R2, ...CPN, RN

CP.,--distance from current electrode to first potential
electrode ClP1 (see Figure 4c) for ith data
point

12

Ri--field resistance value for ith data point

For all five survey types, an option is available, at the end of the

output sequence described below, to repeat the input sequence for

another data set of the same survey type.

32

b

b




- Program output
' 30. The output of RESDAT will vary depending on survey type as

listed below:

a. Survey Type 1: Wenner Profiling Survey

(1) Tabular listing of profile position and apparent
resistivity

(2) Plot of apparent resistivity versus profile position
b. Survey Type 2: Schlumberger Profiling Survey

(1) Tabular listing of profile position and apparent
resistivity

(2) Plot of apparent resistivity versus profile position
c. Survey Type 3: Wenner Sounding
(1) Tabular listing of a-spacing and apparent resistivity

(2) Plot of apparent resistivity versus a-spacing
sounding curve, either linear or log-log

(3) Optional plots of cumulative resistivity sum and/or
inverse resistivity versus a-spacing plots

(4) 1f data interpretation is elected, all the output
described for RESINV will follow

fe

Survey Type 4: Schlumberger Sounding

(1) Tabular listing of a-spacing, L-spacing, and apparent
resistivity

(2) Plot of apparent resistivity versus L-spacing, either
linear or log-log

(3) If data interpretation is elected, all the output
described for RESINV will follow

e. Survey Type 5: Pole-Dipole Survey

(1) Tabular listing of ClPl, Cle, and apparent resistiv-
ity

(2) Plot of apparent resistivity versus X , where

X = (ClP1 + C1P2)/2, i.e., each value of apparent

resistivity is plotted at the profile location which
is the midpoint of the potential electiode locations

Examples
31. Example 1. Figure 12 is an example of the use of RESDAT to ®

process and plot field data from a Schlumberger sounding.
32. Example 2. A large portion of the Medford Cave site (see

Figure 1) was surveyed by resistivity profiling, using the Wenner array
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with a = 40 ft* and 10-ft station spacing along the profile lines. A

plot of apparent resistivity for a = 40 ft for one profile line at the
Medford Cave site is shown in Figure 14 (apparent resistivity for

P‘ a = 10 ft 1is also shown along the same profile line). Apparent resis-

tivity for all the profile lines was input to the general purpose
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Figure 14. Two horizontal resistivity profiles along the
(0,80) to (260,80) line at the Medford Cave Test site (see
Figure 2)

contouring program CONTOUR (Tracy, 1974) to produce the apparent resis-
tivity contour map shown superimposed in Figure 15. A plan map of the

known cavity system at the site is shown superimposed in Figure 15. An
a-spacing of 40 ft was chosen so that the depth of investigation of the
resistivity survey would be sufficient to include the effects of the

known cavity system. The apparent resistivity contour map is significant-

ly affected by and reflects the presence of the cavity system. Since
the "normal background" resistivity is apparently 400 to 600 ohm-ft,
the cavity system is responsible for a resistivity anomaly of about
1000 ohm-ft, although the shape of the resistivity contours does not

closely match the cavity shape. o

* A table of factors for converting U. S. customary units of measurement
to metric (SI) units is presented on page 4.
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Figure 15. Resistivity contour map for a portion of the Medford Cave
site, Wenner electrode array with 40-ft electrode spacing
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33. Example 3. The pole-dipole array (Figure 4c) can be used in
a survey procedure which combines horizontal profiling and vertical
sounding concepts (sometimes called the Bristow-Bates technique; Bris-
tow, 1966; Bates, 1973; Butler and Murphy, 1980; Fountain et al., 1975;
and Franklin et al., 1981). The method is well suited for the detection
of localized anomalies such as cavities and tunnels. The current elec-
trode C2 is placed as far away from the survey area as practicable.
The potential electrode pair is moved outward on both sides of the cur-
rent electrode Cl » keeping the spacing Ple constant (typically 2 to

3 m), to a distance from C somewhat greater than the desired depth of

1
investigation (typically 50 m or less). C is then moved along the

profile line to a new location (typically iO to 20 m from previous
location) and the procedure is repeated; overlapping lines are used for
multiple coverage. The graphical interpretation procedure, described

by Bates (1973) and Fountain et al. (1975), tends to account for the
normal variation of resistivity with depth and selects high or low resis-
tivity anomalies with respect to the normal variation. Figure 16 illus-

trates the graphical procedure for location of anomalies. Circular arcs

® s ]
L_Do0q .} e, L ] KeY:
L OOO! ! e L i ) L_J EXTENT OF RUN
L —J c, ' va oy 000  HIGH ANOMALY
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& ul:o ! 1 L yl,. éo ' LOCATION
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DISTANCE ALONG TRAVERSE, FT
A. LOCATIONS OF RESISTIVITY ANOMALIES
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[
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1
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9. SUBSURFACE PROFILE

Figure 16. Simplified example of graphical interpretation of pole-
dipole resistivity data for anomaly location (Bates, 1973)
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are drawn through locations of potential electrodes showing anomalous
potential differences, with the Cl position as center. Intersections
of the arcs are assumed to define the locations of anomalies. Figure 16
shows two anomalies located by three traverses with different Cl loca-
tions. The interpretation procedure and the multiplicity and overlapping
of data tend to eliminate spurious anomalies and allow discrimination
between near-surface anomalies and anomalies at depth. This technique
has been used successfully for a number of investigations in karst regions
(Bates, 1973; Butler, 1980c; Cooper and Bieganousky, 1978; Fountain et
al., 1975) and also for tunnel location in hard rock (Fountain, 1975).
These investigations offer strong empirical support for the Bristow-
Bates graphical method, in spite of the objection that it does not have
a rigorous theoretical basis; i.e., the model on which it is based is
qualitative.

34. Several profile lines at the Medford Cave site were surveyed
using the pole~dipole survey procedure, and results of the survey along
the 80W north-south line will be presented here. Figure 17 shows the

pole-dipole sounding results for six locations of C, along the profile

line, where the field data have been processed and piotted by RESDAT.

The potential electrodes were moved out to a distance X = 80 ft on
each side of each Cl station, where X 1is the distance to the center
of the potential electrodes. The distance PlP2 =10 ft , and X is
incremented by 5 ft between measurements. Finally, the distance between
C1 stations is selected as 30 ft; this procedure allows an anomaly near
the surface to be defined by as many as seven intersecting hemispherical
shells, and the number of possible intersections decreases with depth.
The general trend indicated by the sounding data in Figure 17 is increas-
ing apparent resistivity with depti.. Numerous anomalies are indicated

in the sounding curves, but there is no clear indication of subsurface
layering. For purposes of picking anomalies, linear trend lines are used

as indicated in Figure 17. Clearly there is a considerable amount of

subjectivity in this procedure of picking high and low anomalies; success
relies on (a) experience of the interpreter and (b) the considerable

redundancy of the data. The results of an analysis of the complete
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profile line, using the techniques illustrated in Figure 16, are shown
in Figure 18. The correlation of the resistivity anomalies with known
geologic features (Butler, in press) is quite good.

35. A major drawback to the pole~-dipole survey technique just
presented is the time required to conduct the field tests and process
and interpret the data. Use of RESDAT to process and plot the data is
a considerable help, but there is still much which could be done to auto-
mate the procedures. An automated resistivity data acquisition system
demonstrated by the Southwest Research Institute (SwRI) at the Medford
Cave site appears to be a solution to the field time constraint (Foun-
tain and Herzig, 1980). Data are recorded in a digital format with the
SwRI system, which can then be processed by the graphical procedure
presented here or by an automated interpretation procedure developed by
SwRI (Fountain and Herzig, 1980; Spiegel et al., 1980). Although work on
the automated technique is continuing at SwRI, currently the technique
is limited by the assumption of a single anomaly in a uniform half-space;
while the graphical procedure used in this report is subjective, it is
not subject to these limitations. A technique which has been success-
fully utilized at WES for a specific data set is to digitize the loca-
tions of high and low anomalies along the profile line and then deter-
mine subsurface anomaly locations with an arc-intersection algorithm
programmed on a minicomputer; this procedure has not yet been

generalized.
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PART II1: MICROGRAVIMETRIC TECHNIQUES

Background

36. Microgravimetry is a geophysical method that offers special
advantages over other subsurface exploration methods in a variety of
applications. The term "microgravimetry" refers to geophysical investi-
gations involving relative measurements of the acceleration of gravity
that require measurement accuracy and precision and instrument sensitiv-

-6 Gal = 10-6 cm/sec2 = 10_9 times the

ity in the uGal range (1 uGal = 10
earth's normal gravitational acceleration). For geophysical applica-
tions, delineation of features with characteristic dimensions of 1 m or
less is often desirable, while the maximum depth of interest may typi-
cally be 100 m or less. Many attempts to apply gravimetry to geotech-
nical and shallow structural problems have been disappointing in that
the anomalies due to small structures of interest could not be extracted
from the data; i.e., only anomalies due to very large or very shallow
structures (or some fortuitous combination of the two factors) could be
resolved. However, with modern "microgal" gravity meters and refined
field and interpretation procedures, microgravimetry is a viable geo-
physical tool for application to military facility foundation and peri-
meter security investigations (Butler, 1980a).

37. The gravity method involves the measurement of the vertical
component of the gravitational attraction at the surface. The measure-
ment or determination of the first vertical and horizontal derivatives
(gradients) of the vertical component of the gravitational attraction
can be of considerable fundamental and practical importance. Measure-
ment of the gradients or determination of the gradients from gravity
profiles offers two particular advantages over measurement of just
gravity alone:

a. The gradient profiles have diagnostic properties, that,

in many cases, make subsurface structure identification
more straightforward.

b. The gradients selectively filter out the effects of
deeper-seated structures and enhance anomalies caused by
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shallow structures of interest in geotechnical
investigations.

Butler (1980a, b, c) discusses the measurement and application of gravity

-

gradients.

38. Field procedures, data processing, and interpretation tech-
niques for microgravimetric surveys are discussed in detail in Butler
(1980a, d, and in press) and Butler et al. (in press); only a brief out-

line of these procedures and techniques will be presented here. Micro-

v njva

gravimetric field procedures can be summarized as follows:

a. Establish survey grid or profile line and determine
relative elevations at all grid stations.

Establish gravity base station.

-
4

{ c. Conduct gravity survey returning to the base station
frequently (at least once per hour).
d. Correct gravity data in a timely manner while in the

field so that questionable data can be discovered and
the associated station reoccupied for another gravity
measurement and so that the density of gravity stations
in areas of interest can be increased.

39. The sequence of corrections applied to gravity measurements
is as follows:

a. Correct for changes in gravity at the site as a function

of time caused by earth-tide variations and gravity
meter drift (drift correction).
b. Correct for variations in north-south positions of
gravity stations (latitude correction). .
®
c. Correction for elevation differences between stations
(free-air and Bauguer corrections).
d. Correct for topographic variations around each gravity
station.
e. Plot and contour the gravity data. ®
40. Although interpretation techniques vary greatly depending on 1
7
the investigator as well as the objectives of the survey, the following
will suffice for the present discussion:
a. Separate regional gravity components in the data from PY
the local components; this is called the regional- ]
residual separation. 1
o
42 1
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Opticnally generate processed gravity maps, such as
derivative maps (Butler, in press) or upward/downward
continuation maps (Gyant and West, 1965).

Identify gravity anomalies.

Classify anomalies for qualitative irterpretation or
decide on a model for quantitative interpretation.

For quantitative interpretation, determine parameters of
the model.

Considering the procedures and techniques identified in

microgravity data acquisition, processing, and interpretation, the fol-

lowing list identifies specific steps which could facilitate and/or

improve the microgravity method:

42.

a.

In item 37a, use of state-of-the-art electronic surveying
systems for establishing survey grids and obtaining
relative elevations could substantially reduce data
reduction time for elevation surveys.

Develop computer algorithms for generating gravity
station occupation schemes for given survey area size
and shape and base station location; these schemes
should optimally randomize possible errors over the
gravity stations occupied between base station reoccupa-
tions, minimize walking distances, and include a desired
20 percent station reoccupation rate.

Develop computer programs for automatically correcting
gravity data and producing Bouguer gravity contour maps.

Develop automated techniques for making the regional-
residual separation and plotting residual gravity maps.

Develop automated techniques for generating processed
gravity maps.

Develop procedures for identifying and classifying
anomalies.

Develop efficient procedures for determining the
parameters of structural models.

Only selected aspects of this "shopping list" can be

addressed as part of the current effort; these aspects are briefly

discussed, three computer programs developed as part of this effort are

documented, and short selected examples of the use of the computer pro-

grams are presented. Finally, two more detailed examples will be

presented which illustrate the use of the computer programs for proces-

sing and interpreting gravity data.
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9 Gravity Station Occupation Schemes

‘! 43. In microgravity surveying, it is desirable to keep errors
from all sources as low as possible; generally an accuracy of +5 uGal

4 or better is desired in order that anomalies at the 10-pGal level can

i be detected (Butler, 1980a). The manner or sequence in which gravity
stations are occupied during a survey can greatly influence the accur-
acy and overall quality of a microgravity survey. All stations that are
occupied between successive reoccupations of the base station are
referred to as a program. Each program should be planned to allow a
base station reoccupation in less than one hour and to include gravity
station reoccupations at an average rate of about 20 percent., Since the
average time for acquiring gravity measurements in a microgravity survey
is about 5 min per station, a program generally will consist of 210 grav-
ity readings, of which typically eight readings would be "first-time"
station occupations and two readings would be station reoccupations.

44. Programs should be designed to occupy stations in a "zigzag"
or "leap-frog" fashion in order to distribute random errors and to pre-
vent any cumulative errors from combining to produce fictitious anoma-
lies or elongated anomalies such as can result from long, continuous
programs of station occupations (Butler, 1980a).* Figure 19 is a plan
of the gravity stations for the Manatee Springs site microgravity sur-
vey, showing several typical programs. Clearly, the station occupation
scheme shown in Figure 19 is not optimum. although errors will be
properly randomized. An optimally generated occupation scheme should
have approximately equal walking distances between each station in the
program, including the base station at the beginning and end of a pro-
gram. Optimal station occupation schemes are considered an important
aspect of microgravity surveying, and work will continue toward finding
expeditious manual or computer-aided methods for generating occupation

schemes.

* Personal communication, 1979, R. Neumann, Compagnie Generale de
Geophysique, Massy, France.
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Use of Theoretical and Measured
Earth-Tide Records

45. Reoccupations of the base station during a microgravity sur-
vey are used to construct a survey drift curve. The drift curve, which
includes components due to both earth tides and instrument drift, is
used to correct measurement values at all stations in the survey grid
for time variations of the gravity values. It is assumed that the time
variation observed at the base station is the same at all stationms.
Generally, the drift curve will consist of the earth-tide component,
which can actually be calculated theoretically for a given site, a long-
term cumulative instrument drift component, and a noncumulative instru-
ment "drift" component, which can be caused, for example, by "rough
handling" of the gravity meter. Frequent base station reoccupations
coupled with the use of theoretical and measured tidal curves can be of
great value in assessing the magnitudes of these components of the drift
curve, for assuring the consistency of gravimeter performance during the
survey, and for improving the overall accuracy of microgravity surveys.

46. Figure 20 is an example of the use of measured and theoret-
ical earth/gravity tide records in conjunction with the field drift
curve for the microgravity survey at the Medford Cave site. Since the
overnight tidal records were recorded in a different location (i.e., a
local motel room), the segments have been shifted vertically to best fit
the base station curve. The phase of the two sets of data agrees quite
well, but the amplitude variations of the field curve are more extreme.
The arrow marks a base station reading just after an accidental jolt to
the gravity meter; because of the frequent base station reoccupations,
the recovery period after the jolt is adequately defined.

47. The theoretical curve in Figure 20 was produced by the pro-
gram TIDES, which is described later in this Part. There is approximate-
17 a 4-hr phase difference between the theoretical and measured tidal

curves; such phase differences are not uncommon.* Discounting the phase

* An example is given later in this Part of a case where the phase
agreement is nearly exact.
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shift, there is good agreement between the amplitudes of the measured
tidal curve (open circles, Figure 20a) and the theoretical tidal cur¥e

(Figure 20b). The long-term cumulative drift of the gravity meter

appears to be about 2 uGal/hr, although there are nontidal meter drifts
much larger than this which are not cumulative. Theoretical tidal
curves can be produced prior to conducting field work to indicate the
nature of the tidal variation to be expected at a given site during a

given time frame.

TIDES: A Computer Program for Computing the
Theoretical Earth Gravity Tide

48. The tidal gravity variation at a point on the surface depends
primarily on two factors: (a) variation in gravitational attraction due
to varying positions on the sun and moon (and to a smaller extent the
planets) with respect to the point; and (b) amplification of the magni-
tude predicted by (a) due to yielding of the solid earth in response to
the varying attractive force, i.e., elevation of the point actually

varies with time.

49. Using the equations of Longman (1959), it is possible to
calculate the theoretical tidal effect at any point on the earth's sur-
face. The equations include a compliance or gravimetric amplification
factor to account for yielding. Comparison of theoretical and measured
earth tide records can in principle yield a determination of this
amplification factor for any location; typical values range from 1.138
to 1.240 (Garland, 1977). Observations of the earth tide can give
information not only on gross earth structure but also on anomalous
tidal yielding in areas of major faults or other significant tectonic
features. TIDES, modified from an original program by Robert Jachens,*
computes the theoretical earth tide for any location and any time inter-

val. A program listing of TIDES is in Appendix E.

PPV

* Personal communication, Robert Jachens, U. S. Geological Survey,
Menlo Park, Calif.
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Input data

50. All data are input in free-field format. Data input are

explained as follows:
Input No. 1: NCOMP, MM

NCOMP--number of tidal input data sets
MM~--time increment in minutes between tide value
calculations

Input No. 2: SLATD, SLATM, SLONGD, SLONGM, SELEV, DATEM,
DATED, DATEY, TIMEH, TIMEM

SLATD, SLATM--site latitude in degrees (SLATD) and
decimal minutes (SLATM)

SLONGD, SLONGM--site longitude in degrees (SLONGD) and
decimal minutes (SLONGM)

SELEV--site elevation in metres (MSL)

DATEM, DATED, DATEY--starting date for calculation in
month (DATEM), day (DATED), and
year (DATEY) form

TIMEH, TIMEM--starting time for calculation in hours
(TIMEH) and minutes (TIMEM), Greenwich
time (24-hr clock)

Input No. 3: NTOTAL

NTOTAL--total number of time increments to be calculated,
i.e., the total length of the tidal record will
be = MM x NTOTAL

Program output

51. Program output consists of a compressed listing of calcu-
lated tidal values and a plot of tide variation as a function of time.
Since the number of values calculated in a tidal record may be very

large, a compressed listing of just the tidal values separated by a

short blank space in a continuous fashion is given; each value in the
list is separated in time by MM-minutes. The calculated tidal values

are referenced to a zero value and have the proper sign for algebraically
adding to gravity survey values to correct for tidal variations if
desired. Next, a plot of tidal variation versus time 1s generated using o

PLOT2 (see Appendix B). 1

49 1




Example

52. An example output plot from TIDES has already been discussed
(Figure 20). As another example, Figure 21 compares theoretical and
observed earth tides for Vicksburg, Miss., for a three-day period (16-
18 May 1980). The phases of the two curves in Figure 21 agree quite
well. Amplitudes of the minima and secondary maxima of the two curves
agree closely; however, the primary maxima of the measured tidal curve
are nominally 50 pGal larger than the corresponding maxima on the
theoretical curve. There are two possible explanations for the ampli-
tude differences: (a) a small portion of the amplitude difference could
be due to using a compliance factor that is too small for the site
(1.160 was used); and (b) the electronic output of the gravimeter is
nonlinear relative to the null position (McConnell, Hearty, and Winter,
1974). Since the position of the tidal variation relative to the meter
null position will vary because of the superimposed approximately 2 uGal/
hr drift, the gravimeter tidal curve would require frequent nonlinearity
calibrations if used for quantitative tidal variation studies. The
vertical scale of the measured curve was generated about the actual out-
put position at 1930 hr on 18 May. At this time, drift has carried the
tidal variation curve to within about 120 pGal of saturation of the
electronic output on one side of the null position. The three events
superimposed on the tidal record on 18 May in Figure 21 are earthquakes
and illustrate an interesting application of the microgravimeter as a
long-period vertical seismometer. Monitoring gravimeter tidal variation
overnight during field surveys for the occurrence of large earthquakes
will alert field parties as to the source of larger than normal back-
ground noise, since large earthquakes will produce noise levels as large

as 100 to 200 uGals over a several hour period (Butler, 1980a).

Polynomial Surface-Fitting for Regional-Residual Separation

53. A polynomial surface-fitting procedure for determining
regional fields is presented by Coons, Wooland, and Hershey (1967) for

large-scale gravity surveys. This procedure was applied to the Manatee

50




® ®
»
b
]
poraad Aep-a2ay3l x03 *ssI “BangsIoTA e
1932uwTARIS (I-ToPOW YITM painsesmw apTl Y3lIiea pue apTl Ylaes TedTIa109Yy3l jo uostaedwo) ‘[z =2andyg
3011 HIUVE QIWASYIN “ 4
wvanavorNom | 1| s . - o emus T T T oamins
¥D010 WH-¥ZI WH ‘3WIL 0OL} 00z 000 0020 001z 0004 0011 0090 0010 0002 0081 [
! ! H T L 1 4 ) | T T T R
] i ' i
’ll||4_ l..._1||. b e . - h - M - = . ta -
[ : i
P -
fl-l'u.—.cdn R A
b At ul N _.l. A bt
] Cema] e dndo ../ $
_ : i (S~ W) vsn >
| | anci ‘| |
ll_ﬂ.ll ._.. -t H«J...:! ﬂx.SoEcS __ S ) S J
e viAvISObn4 ‘snye i . . i : “ ! ' - b ~ e
" N T 0 ¢ A 1 S
t_TlF . L L g, nanosoviion pusm oo vinw = -] nr:. g 1
h ro] co _ d ;] i ! ]
BN - R - 2
{ : ; ! ﬁ - _ § WTWO 021 & SuVIN 1L NIIMLIN zom..s.tua
: U ! P ) i ' )
e _ : \ \ -F'|~. —— 4l .L.I -
3011 HANY3 TYOILINOIML v ! !
HYIA/AVO/HINOW 00/81/8 “ owvis s
! (X207 UH-¥Z) UM 00ZZ oozt 00Zi 0010 0020 0012 009t M". 0090 000 0002 aost
NIW ‘IWIL 00EC 00UE 00£2 00vZ 0012 0001 0051 1 008 (] 00E 0
| r T T T T -T T T -T T T 0o
b
b
o oo-
1
3 ]
-3
40 2 I
]
b
- 00 .A
‘
p
r L oor
{
2




v’v‘vvvrvr;’ -

Springs microgravity survey data in order to determine its applicability
to small-scale surveys. Figure 22 is a Bouguer anomaly (Butler, 1980a)*
contour map for the survey. The surface-fitting procedure determines
best~-fitting polynomial surfaces of various orders to the Bouguer data.
The basic concept is that, as successively higher order polynomial fits
are subtracted from the Bouguer values, the residual anomaly values
correspond to successively shallower structures (Coons, Wooland, and
Hershey, 1967; and Butler, Whitten, and Smith, in press). Figure 23
shows first- through fourth-order fits to the Bouguer anomaly values.
The polynomial surface fits were generated by a minicomputer using a
general purpose, BASIC-language, polynomial regression program. The
residual values are a direct output from the program.

54. Comparing the fits in Figure 23 to the Bouguer anomaly map
in Figure 21 reveals that successively smaller scale features of the
Bouguer map are reflected by the higher order fits, as expected. Clear-
ly, the second-order fit in Figure 23 reflects the effects of a local
structure; therefore, the first-order surface is selected as the appro-
priate regional. Figure 24 is the first-order residual anomaly map,
where the approximate location of the known cavity system is indicated
for comparison. The second-order fit in Figure 23 apparently indicates
the primary gravity effect of the known cavity system; subtracting this
second-order fit from the Bouguer anomaly map results in the second-
order residual anomaly map in Figure 25. The secondforder residual map
primarily reflects anomalies caused by features shallower than the main
cavity system; the small anomaly indicated by the arrow in Figure 24
corresponds to a vertical solution pipe extending nearly to the surface

(discovered when a drill rig wheel broke through a surface soil bridge).

* The Bouguer gravity anomaly represents gravity survey data which
have been corrected for instrument drift, tidal variation, latitude
differences between survey stations, and elevation differences
between stations (includes the free-air and Bouguer corrections)
and between each station and surrounding terrain features (terrain
correction).
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Gravity Interpretation by Two-Dimensional
Polygonal Cross-Section Models

55. A common procedure for gravity interpretation is to postu-
late a model which is consistent with the general features of the
observed gravity field, calculate the gravity anomaly for that model,
and compare it to the observed gravity anomaly field. If the gravity

field of the model is geologically reasonable, then the model can be

taken as a possible interpretation of the gravity anomaly (Butler, 1980a).

Many geologic structures can be considered approximately two-dimensional,
i.e., horizontal with constant cross section and constant strike, e.g.,
faults, block-faulted basins, synclines, anticlines, buried river
valleys, cavity systems, etc. The two-dimensional approximation is
generally adequate when the strike length is greater than four to six
times all other dimensions of the structure including the depth.

Talwani et al. (1959) developed an efficient algorithm for computing

the graviational effect of two~dimensional polygonal cross section
models using the line integral method of Hubbert (1948). Most two-
dimensional structures can be adequately approximated in cross section
by polygons with a small number of sides (<10 generally). In the case
of a horizontal circular cylinder model, for example, which is inscribed
by a polygonal approximation, the following table lists the ratio of

the maximum value of the polygonal model gravitational effect (gzM) to

the exact value for the cylinder 8.5 °

Number of Sides /
of Model gzM ng

4 0.64
8 0.90
16 0.98

56. The computer program TALGRAD was written to compute
gravity as well as gravity-gradient profiles across arbitrary, polygonal

cross-section models using the Talwani algorithm. This program has
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proven extremely useful for predicting the gravity anomalies to be
expected from various known or postulated structures as well as for
interpreting gravity data in an iterative fashion. Figure 25 is an
example of the use of TALGRAD to compute the gravity anomaly to be
expected from the main cavity at the Manatee Springs site (using approxi-
mate depths and cross-section dimensions from cave diver reports).
TALGRAD as well as further examples of its use will be discussed later

in this Part.

TALGRAD: A Computer Program for Computing Gravity and Gravity-
Gradient Profiles Over Two-Dimensional Models

57. TALGRAD uses the procedure developed by Hubbert (1948) and
Talwani et al. (1959) to compute gravity and gravity-gradient profiles
over two-dimensional models. Actually, gravity profiles are computed on
the surface (z = 0) and at selected elevations above the surface (z =
-DELZ, -2 DELZ, ..., -SMAX) at discrete profile points (separated by
DELX). The vertical and horizontal gradients are then calculated as
finite differences or interval gradients. A listing of TALGRAD is given
in Appendix F.

Input data

58. All input is in free-field format and the program will call
for the input variables by name. All length dimensions must be consis-
tent; either kft (1000's of ft) or m are acceptable. The density
contrast must be in g/cm3. Input data are explained as follows:

Input No. 1: K, DELX, DELZ, ZMAX

K--number of profile stations

DELX--distance between stations

DELZ--vertical distance between elevations at which
gravity is computed at each profile station

ZMAX--maximum elevation at which gravity is computed
(ZMAX is an integral multiple of DELZ)

Input No. 2: NPOLY
NPOLY--number of closed polygons comprising the model
Input No. 3:

Dimensions in kft (enter 1) or metres (enter 2)
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Input No. 4: DELRO, N

DELRO~--density contrast for a polygon
N--number of corners in a polygon

Input No. 5: Xxi, 21, X2, 22, ..., XN, ZN

X,Z--coordinate pairs for polygon corners, N-pairs to
be input in clockwise order

(The preceding two input sequences, No. 4 and 5, will be repeated once
for each polygon. Also these two input sequences are repeated for each
elevation in the calculation.)

Input No. 6:

Option to calculate gravity gradients (enter 1) or not
(enter 2) and program execution will terminate.

Input No. 7: DELXX, DELZZ

DELXX, DELZZ--intervals to be used for horizontal and
vertical gradient calculations in incre-
ments of DELX and DELZ, respectively

Input No. 8: HZ

HZ--elevation for which the horizontal gradient profile
is desired, in increments of DELZ (=0 to calculate
profile on the surface z = 0)

Input No. 9:

Option to recalculate gradients for different values of
DELXX and DELZZ--Yes, enter l; No, enter 2

Program output

59. Both tabular listings and plots are produced by the program,
and many of the lists and plots are optional. The output sequence is
described below:

a. Following Inputs 4 and 5 for each polygon, a listing
summarizes all the input data for that polygon.

b. An optional listing of the results of the gravity pro-
file calculation is generated for elevation 0.

c. An optional plot of the gravity profile for elevation 0
is produced.

d. Optional listings and plots are produced for each addi-
tional elevation in the calculation.

e. A listing of the vertical gradient profile calculations
is generated.

f. A plot of the vertical gradient profile is produced.
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g. A listing of the horizontal gradient profile calcula-
tions 1is generated.

& h. A plot of the horizontal gradient profile is produced,
1 where the value is plotted at the midpoint of the hori-
r zontal interval DELXX.

i. An optional gradient space plot is produced (i.e., g

versus .
g, z)

j. An optional plot of the square of the modulus (az(x))

Z,X

of the analytic signal is produced, where az(x) = g: z(x)
2 b
+ gz,x(x)-
k. The entire sequence of output from item e to j can be
repeated with different values of DELXX and DELZZ, if

desired.

Examples
60. Example 1. Figure 26 is an example of the use of TALGRAD to

compute the gravity profile over a model of the Manatee Springs main

0
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o X — ~
& 2
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Figure 26. Two-dimensional model of the main cavity at the Manatee :
Springs site and a gravity profile computed by TALGRAD ° :
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cavity; a complete listing of the input data and output listings for this
example is given in Figure 27.

61. Example 2. Fugro National, Inc. (1980) and McLamore and
Walen (1979) report the results of an extensive gravity survey in and
around Dry Lake Valley, Nev., in the Basin and Range Province. Using
the three-dimensional gravity inversion computer program of Cordell
(1970), the gravity data were inverted to yield a three-~dimensional model
of the subsurface. For the inversion, a constant density contrast (of
-0.45 g/cm3) was used. Figure 28 shows the residual gravity anomaly map,
and Figure 29 shows depth to basement rock contours from the three-
dimensional inversion. A section view model along profile AA’ is given
in Figure 30. Since block faulting is the predominant structural style
of the area, the interpretation is reasonable. As an example of the use
of TALGRAD, gravity and gravity-gradient profiles along AA” were computed
from the model in Figure 30. The gravity profile, the horizontal and
vertical gravity-gradient profiles, a gradient space plot, and a plot of
the square of the modulus of the analytic signal are shown in Figures 31-
34, respectively. Selected data from the three-dimensional inversion
results are shown in Figure 31 for comparison. This example will be

considered in greater detail later in this Part.

Determination of Vertical Gravity-Gradient Profiles
by a Hilbert Transform Procedure

62. Butler (1980a, b) suggests a procedure by which structural
model parameters can be determined by a simultaneous aralysis of both
the vertical and horizontal gravity-gradient profiles across a structure.
Except for shallow structures (<10 to 15 m depth), the use of a short
tripod and "microgal” gravimeter to determine interval vertical gradients
does not appear practical due to high levels of "gradient noise' caused
by very shallow density variations. The vertical gradient profile can,
however, be calculated from the horizontal gradient profile if the
source of the gravity anomaly is approximately two-dimensional. This

relation is expressed

61
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TALGRAD input/output for the example in Figure 25; user
input indicated by an '=' sign (Continued)




SO0Nn

e D

Ny @TRA0G
N, 22000

LY O TP RO | Y “SETXN (VI

U RN R R O TR R OB O R R R L R 1)

n Ny SR

i Ty SN

= O, 300G

2 N, 20000

3 e, 3200000

< 0, 3@ 0an

= AR U -0,y eTe
7 e LY -G
= O, 2700040 =i, Oade s
e OSEIO0M0 el L R =t
311 RS TR (Y =0, OG-
41 T, @i — T T g

O WP WA T PLOTS OF GRRVITY FROFTLETT-="CLctae e 2.
=1

FLOT SRFEVYITY FROFILE FOF k= 0,
BERT YN IF e IR Y e TR TIRTH. THETH
ESRTRIY LPEE TR & BEOrth S PR TR

FEAT TN ekl e Bl e e NE e TPwe [TV

=, 1050 felin e tle id

CEAT BT e %L eV SaMLY e MY YVe TPYCITY

=, lede=doeDe=240a1

CERT Y=l AREL

=.s FT

SERT V-l ABRL

=IT 00 e PR

Input specifications for
producing the gravity
profile plot in Figure 25.

B

g U wEnT T CALCLLATE GRAVITY GSARDIENTIYT  TYFE 1 €F6 4E1. &5 FOe NI |

=z ]
®

Figure 27. (Concluded) 1

{

63




sanojuod yidap
Nooipaq LaTTeA e[ L1Q

U \
s nans

*67 2an81g

81IN0OJjuod ATeWoOuUE
Tenpysax Aayfea o9ey L1q °gg 2andyg

W_J.woﬁ..HJ\uﬂ vt
%

64




P B s 2 o - LEme S et 2 s 2o —r

[ ) .
X, km
'._ A A' :
. 0 10 20 ]
" 1 7 T 1 ]
(g & .
g - |
: =
&
a.
A
4
b Figure 30. Structure model from 3D gravity inversion "o ]
©
C]
8.4 1] FROM 3D INVERSION g J
@

~-18.
"\ FROM TALGRAD

-4
§ CALCULATION
g
-20.
-3 1 1 _&_ L 1 S |
2. 5000, 12800, 15008 20000. 25000, 30000,
X, M

Figure 31. Comparison of gravity profile along AA“ from TALGRAD
calculation using the model in Figure 30 with the results of a
3D gravity inversion

10.

% ]
s .
" o 1
rw : .
! § ]
{' -5. '
- )
. -19. 1 1 . 1 1 J .
E : 8. 5902, 12000, 15280,  2000@.  25000.  30000.
: X, M

Figure 32. Gravity-gradient profiles along AA“ calculated by TALGRAD
using model in Figure 30
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gz,z(x) =% .[° ZX dzg (2)

where x is the profile point at which the vertical gradient is to be
evaluated, gz’z* is the vertical gradient, gz,x* is the horizontal
gradient, and the integral is to be interpreted in terms of its Cauchy
principal value.**

63. The program HILBERT was written, using an algorithm suggested
by Shuey (1972), to compute the discrete Hilbert transform of a set of
discrete profile data. The program as well as examples of its use will

be discussed later in this Part.

HILBERT: A Computer Program for Computing the Discrete
Hilbert Transform of Profile Data

Discrete Hilbert transform algorithm

64. The Hilbert transform relation between a continuous profile

function f(x) and a continuous transformed profile function q(x) is

q(x)

loo
?-4 %%dﬁ

£, (x) = H(E(x)) 3)

Now let f(x) be a discrete set of uniformly spaced data, and approxi-

mate the data by a parabola centered on the singularity of the integrand

* = =
8,2 * agzlaz and 8,x = agz/ax , where g, is the vertical

component of the gravitational acceleration (z-axis downward)
*% T.e.,, the integral is interpreted in the sense

1im X-a <)
220 f + j‘ 8, x %) i
T xta) &~ %
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B=x (passing through 8 and the two adjacent points) and with a linear
fit to all other pairs of points in the profile data. Using this approxi-
mation to the discrete set of profile data, Equation 3 can be numerically
integrated in a straightforward manner.

65. The diagram below defines the terminology for considering

the parabolic fit centered on the singularity.

ﬂ\
£1 L. e
-1 1% T+
10 P
i-1 1 i+l

66. For simplicity in the derivation, a unit digitizing interval
is used and the singularity is taken to be at 8=0 at the ith data
point. The parabolic fit to f(B) is defined as follows:

£(8) = a + bB + CB> (%)
f(o) = fo = a

f(+1) = f1 =a+b+ec (5)
f(-1) = f _=a-b+c

1

Equation 5 can be solved for the empirical constants in Equation 4 as

follows

a=f

b="f1 "%
2

c=f1 "t ot
2 o

and Equation 2 can be written
f. - £ f. + f
£(B) = £_ + ( L -1) o+ ( 17 fo> .
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Equation 6 can now be substituted into Equation 3 to find the contri-
bution to the integral from the parabolic fit centered on the singularity

1
£, - £ £+ f +1
1 £(B) ., .1 fzn|s|+<1 -) l(l -1 f>2
L !g B g = x| ° 2 6+ 2 2 A
-1
=1 -
=S (- £ M

67. Examining the linear fit to the first two data points to the
right of the singularity, as an example, yields

/E

fll {fz ;
1 2
i+l i+2

f(x) = a + bx

fl =a + bBl
fZ =a+ b82
a= fl - bB1
b = (f2 - fl)/(ﬁz - Bl)
f., - f
£(8) = £, + (2701 _
. (32'31) -8

£§8-0 - £, -0 (- £)(6 - x

=

_ (8)
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Equation 8 can be substituted into Equation 2 to evaluate the form of
one of the terms resulting from the successive linear fits to pairs of

“ data points:

Y TY Y

B
1 12 £8) 4 < L £,(By - x) - £,(8) - x) B, - X
= g = = n
L B -x m 82 - 81 Bl - X
8y

+ (£, - £)) (9)

If a unit digitizing interval is again assumed, 82 - Bl = 1.

68. The complete expression for the numerical evaluation of
Equation 3 for a discrete set of profile data will be the sum of Equa-
tion 7 and a series of terms of the form of Equation 9 for all data
pairs to the right and left of the singularity. Necessarily, in practice,
the profile will be finite in length; this will cause no problem in
regard to the limits of integration of Equation 3 if all values of
f(B) are zero beyond the ends of the profile, which can be simulated
by adding a zero to each end of the discrete data set. If the profile
is a "residual" profile which approaches zero at the ends of the data
set, then the simple procedure of dropping the profile to zero outside
the data will present no problems. Otherwise, a more elaborate extrapo-
lation to zero beyond the data may be needed. If there are N data
values in the set, shift the data one position to the right and add a
zero at n =1 and n =N+ 2 . Considering this revised data set,
the result of summation of Equation 7 with all the terms of the form of
N+2 fl) which is

identically zero. Thus, remaining is a summation of terms of the form

the second term of Equation 9 is the value of % (£

of the first term of Equation 9 involving data pairs to the right and
left of the singularity (but not including the singularity itself).
The result will be called the discrete Hilbert transform HD(f(x)) or

fg(x) . The above procedure is repeated for all profile positions x .

Program input and output

69. The computer code HILBERT, listed in Appendix G, evaluates

the discrete Hilbert transform using the algorithm discussed above.
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Input to HILBERT consists of the number of data values N , the actual
profile spacing between points DELX, and the profile values T . Output
consists of a tabular listing of profile position X , profile data value
2 + Hz) , and plots

of T versus X, H versus X, H versus T, and A versus X .

T , discrete Hilbert transform H , the value A(=T

In practice, T will generally be the horizontal gravity gradient
(tabular column labeled GX,X ) and H will be the computed vertical
gravity gradient (tabular column labeled GZ,Z ).

Example: a test of the discrete
Hilbert transform algorithm

70. A procedure for testing the proposed algorithm for evaluating
the discrete Hilbert transform can be formulated by examining the prop-
erties of the Hilbert transform. From the definition of convolution

(denoted by *), Equation 2 can be expressed as:
£.(x) = (- =) * £(x) (2)
H ™

Applying the convolution theorem gives:
F(f,(x)) = 1 sgn(s) F(£(x))

where F denotes the Fourier transform and s 1is the transform variable.

Inverting this equation gives

F(£(x)) = -1 sgn(s) F(f (x))

) = () * £,00

- - v

--d [ @
So o dB

£(x) = -H(£,(8)) (10)
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Equation 10 suggests the following test for the discrete Hilbert trans-
form algorithm:

if fg ) = £.00 ,

then HD(fg(x)) = - £2(x) (11)

where fD(s) denotes the discrete profile data set. That is, two
successive applications of the discrete Hilbert transform to the profile
data set should yield the negative of the original profile data set.

71. Consider the simple functional relation:

1

f(x) = 3 (12)
l+x
which has the analytic Hilbert transform (Erdelyi, 1954)
£ (x) = —% (13)
H 1+ x2

Equation 12 is a symmetric function with half-width at half-maximum
equal to 1.0, maximum value equal to 1.0 at x = 0, and asymptotes which
approach 0 in both directions. As a first test, the function f(x) is
sampled or discretized at increments Ax = 1 over the range -10 < x < 10
and set equal to zero outside this range. Figure 35a contains the
tabular output resulting from inputting fD(x), with fg(x) being the
computed discrete Hilbert transform. In Figure 35b, fg (x) is

the input data and HD(fg(x)) is the output (i.e., the output represents
two successive Hilbert transform operations applied to fD(x)) . Plots
of fD(x) . fg(x) , and HD(fg(x)) are shown in Figure 36. Qualita-

tively, HD(fg(x)) can be recognized as the negative of fD(x) s however,
the maximum absolute value is 0.71 compared to 1.0 for fD(x) , the half-
width at half-maximum is 1.5 compared to 1.0 for fD(x) , and the two

ends of the calculated profile cross the x-axis while the fD(x) profile

does not.
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b
L f (x) D D, D
f
l_i » x)_ __n x £ (£ (x))
«10.0 L LUYY0 0.10598
~9.0 0.01219 0.11373 ~10.0 0.10598 0.11857
~8.0 0.01538 0.12621 -9.0 0.11373 0.07730
~7.0 0. 02000 0.14276 -8.0 0.12621 0.06254
- 2 -2.0 0.14276 0.05120
6.0 0.02702 0.16485
5.0 0.03846 0.19527 -6.0 0.16485 0.03959 - -
4.0 0. Usb82 0.2391) -5.0 0.19527 0.02453
~3.0 0.10000 0.30589 -4.0 0.23911 0.00029
~2.0 0.20000 0.40823 -3.0 0.30589 -0.04874
- -2.0 0.40823 -0.18225
1.0 0. 50000 0.44459
-1.0 0.44459 -0.49781
0 1.00000 0.00000
V] 0.00000 -0.71351
1.0 0. 50000 ~0.44459
1.0 ~0.44459 -0.49781
2.0 0.20000 -0.40823
2.0 -0.40823 -0.18225
3.0 0.10000 -0.30589
3.0 -0.30589 -0.04874
4.0 0.05882 -0.23911 -
4.0 -0.23911 0.00029
5.0 0.03846 -0.19527
5.0 -0.19527 0.02453
6.0 0.02702 -0.16485
6.0 -0.16485 0.03959
7.0 0.02000 -0.14276
7.0 -0.142765 0.05120
8.0 0.01538 -0.12621
8.0 -0.12621 0.06254
9.0 0.61219 -0.11373
10.0 0. 00990 0. 10598 9.0 -0.11373 0.07730
) : 10.0 -0.10598 0.11857
Figure 3%R, Discrete Hilbert transform Figure 35}, Discrete Hilbert transform
rD o] D D -
H of £ H~ of fu

Figure 35. Tabular output from HILBERT for test case with
Ax =1 and - 10 < x < 10

72. To illustrate the effects of data spacing Ax and profile
length, several additional tests were conducted using the same function
f(x) . Firue 37 shows plots of fD(x) , fg(x) , and HD(fg(x)) for
Ax = 0.5 and the same profile length as in the previous test. The
maximum absolute value for HD(fg(x)) is now 0.86 compared to 0.71 for
the previous test case and to 1.0 for fD(x) . Also, the half-width at
half-maximum is 1.05, very close to the value for fD(x) . The behavior
of the ends of the HD(fg(x)) profile is similar in both test cases.

73. For another test case, the data spacing is the same as the
first test Ax = 1 , but the profile length is doubled (-20 < x < 20).
The maximum absolute value of HD(fg(x)) is 0.74 and half-width at half-
maximum is 1.45. The results for this case are shown in Figure 38. The
primary effect of doubling the profile length compared to the first

test case is to reduce the distortion near the ends of the profile line.

74. Significant features of the above three test cases as well

as three additional ones are summarized in the following tabulation:
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A D(x)
[\

1.0 ¢~

el
[=]
‘_I
o
I
o
‘_I
e
®
05 S
410 1 L 1 ] 1 1 | 1 1 ]
-10 -8 -6 -4 -2 0 2 4 8 8 10 - o 4
X
Figure 37. HILBERT test case for 4x = 0.5 and -10 < x < 10
L
74 ) 1
| J L J L L L ] L J ° ] ® ] ] L L ®
|




Figure 38. HILBERT test case for Ax =1 and 20 < x < 20

Test Case
Profile IHD(fD(x))[ Half-Width at Value at Ends of
Ax Length H max Half-Maximum Profile
1 -5, 5 0.66 2.60 0.17
0.5 -5, 5 0.80 2.00 0.22
0.25 -5, 5 0.86 1.86 0.27
1 -10, 10 0.71 1.50 0.12
0.5 -10, 10 0.86 1.05 0.14
1 =20, 20 0.74 1.45 0.07
Analytic results 1.0 1.0 -~ 0

75. The function f£f(x) in Equation 12 is a stringent test for
the discrete Hilbert transform algorithm, since it is so sharply peaked.
Sampling at Ax = 1 1is rather coarse for this particular £(x) , yet
even for this case the results of the test (two successive applicatiouns
of the discrete Hilbert transform) improve significantly as the profile
length is increased. Also, for a given profile length such as (-5, 5),
the test results improve significantly as Ax 1is decreased, although
the usual "law of diminishing returns" holds. Of course, simultaneously
decreasing Ax and increasing the profile length is the key to improving
the results. The column listing the value at the ends of the profile
indicates the "errant" behavior of the ends of the doubly transformed
function due to the manner in which the profile is truncated. Increasing
the profile length decreases the magnitude of this "errant" behavior,

while decreasing Ax 1increases it.
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Manatee Springs Microgravimetric and
Gravity—~Gradient Surveys

Scope of microgravimetric and
gravity-gradient surveys

76. The microgravity survey at the Manatee Springs site con-
sisted of 186 stations over a 100- by 400-ft (v30- by 122-m) area with a
basic grid interval of 20 ft (6.1 m). LaCoste and Romberg Model D-25
gravity meter was used for the survey. The survey grid was oriented
approximately perpendicular to the known trend of the cavity system, as
shown in Figure 3. Grid point (0,200) was used as a base station and
was reoccupied on an average of once every 30 min (see Figure 19).
Details of the microgravity survey procedure can be found in Butler,
Whitten, and Smith (in press). 1In addition to the microgravity survey,
a tower vertical gradient survey (Butler, 1980a) was conducted along
the SW-NE line extending from (40,0) to (40,400); this survey consisted
of 21 vertical gradient stations.

Residual gravity anomaly map

77. Results of the microgravity survey and the procedures used in
determining the residual gravity anomaly values are discussed earlier in
this Part and presented in Figures 22-25. The first-order residual
anomaly map in Figure 24 is selected as the representation which reflects
the gravity anomaly due to the main Manatee Springs cavity. The broad
negative anomaly over the known cavity system in Figure 24 is consistent
in magnitude and width with the known size and depth of the cavity
system (sce Figure 26). However, there are complexities or smaller
anomalous features in the residual map which cannot be attributed to the
main cavity; some of these smaller anomalies are due to smaller and
shallower solution features or other density anomalies as discussed
previously.

Vertical gradient survey results

78. The five tower measurement elevations shown in Figure 39 were
utilized during the vertical gradient survey; because of difficulties
in obtaining readings only five gravity values at the upper elevation

h, were obtained along the profile line. Since the measurement sequence
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Figure 39. Illustration of the five gravity measurements and asso-
ciated elevations which were utilized to determine interval vertical
gradients along a selected profile line at the Manatee Springs site;

nominally, hl = 0,6 m, h2 = 1.0 m, h3 1.4 m, h4 = 1.6 m

at each profile location required 15 to 25 min, the ground station h°
was reoccupied at the end of each sequence and the data were shift-
corrected in the usual manner.

79. Considering elevations ho , h1 , h2 , and h3 , Six interval
gradients can be determined as well as differential gradients at any
point within the interval ho to h3 using a parabolic fitting proce-
dure. Results of three of the determinations of vertical gradients are
shown in Figure 40: Agél/A201 and Ag('n/Az03 ,» where Agél =8 -8
A201 = hl - ho’ and similarly for Ag63 and Azo3 3 (Bg/ah)o , which

is the differential 8radient at ho , detemined from a Parabolic fit
to the data at ho s h1 , and h3 and evaluated at ho . The five

values of Ag64/AzO4 are also shown. All three profiles exhibit
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considerable variation, with several gradient anomalies as large as
10 percent of the normal vertical gradient. Generally, the Ag63/Azo3
profile is smoother than the other profiles as expected, since it should
be less affected by very shallow density anomalies. All three profiles
behave qualitatively the same except at profile positions 0, 40 to 60,
200, and 360 where the Ag63/A203 profile behavior is clearly at
variance with the other two profiles. In many locations the three

values are nearly identical; and at the 100- and 300-ft profile positions
all four values are nearly equal and also nearly equal to the normal
gravity gradient; which implies a linear variation of gravity with
elevation at these locations. There is, however, no obvious indication
of an anomaly which could be caused by the subsurface cavity system.

Horizontal gradient determinations

80. Using the gravity data along the selected profile line, inter-
val horizontal gradient profiles can be determined using various values
of Ax . Clearly, for cases where there is no regional gradient along
the profile line, or where the regional gradient is linear in the pro-
file direction, the results will be identical whether the Bouguer anomaly
or the residual anomaly values are used to compute horizontal gradient.
When the above conditions do not hold, there will be a regional component
present in the gradient profile. In the present case, it is preferable
to use residual gravity values. Horizontal gradient profiles for Ax
equal to 20, 40, and 80 ft (6.1, 12.2, and 24.4 m) are shown in Figure 41,
where the residual gravity values from Figure 23 were used. The profiles
in Figure 41 clearly become smoother with increasing Ax . Importantly,
all three profiles show "average behavior'" consistent with the known
cavity system with center at profile position 200 ft. The Ax = 20-ft
profile, however, is so erratic that the '"cavity gradient signature" is

"signature" of the cavity is enhanced

effectively masked. The gradient
by Ax values which are larger than the effective depths of the shallow
anomalous features causing the erratic behavior of the Ax = 20-ft

profile. Accordingly, the Ax = 80-ft profile data will be used for the

considerations which follow.
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Comparison of results with two-
dimensional model calculations

81. The cavity system was modeled as a two-dimensional, hori-
zontal cylinder with rectangular cross section as shown in Figure 26,
and TALGRAD was used to compute horizontal and vertical gravity gradients.
In Figure 42, the computed horizontal gradient profile is compared with
the measured horizontal gradient profile for Ax = 80 ft. The average
behavior of the measured profile approximates the calculated profile
quite well in amplitude and spatial wavelength, with the amplitude of
the measured profile slightly larger on the right-hand side. HILBERT
was used to compute a vertical gradient profile from the measured hori-
zontal gradient profile for Ax = 80 ft . This profile, computed by
the Hilbert transform procedure, is compared in Figure 43 to the vertical
gradient profile computed from the two-dimensional model. Again, the
agreement between the two profiles in Figure 43 is good with respect to
amplitude and spatial wavelength; however, the Hilbert transform profile
has maximum amplitude at position 240 ft rather than 200 ft and has a
prominent positive peak at 320 ft.

82. Gradient space plots prepared from the profiles in
Figures 42 and 43 are shown in Figure 44 for the two-dimensional model
and for data derived from the field measurements. The somewhat subtle
differences noted in the profile data plots are more apparent in the
gradient space plot; to profile position 200 ft (lower half of plots
in Figure 44), the agreement between the two plots is good, but from
profile positions 200 to 400 ft (upper half of plots in Figure 44), the
two plots differ significantly in magnitude. The results in Figure 44
suggest that the simple two-dimensional model which was selected may not
approximate the cavity system very well, Indeed, reports of both a
cave diving team and a very limited verification drilling effort confirm
that the cavity svstem is extremely complex. The cavity varies errat-
ically in cross-<ectionial shape and size; a vaulted ceiling is common
and numerous smaller branching cavities are present. Also, drilling
indicates more extensive solutioning to the northeast of the (0,200) to
(100,200) line than southwest of it, which is consistent with both the

residual gravicy map aud the gravity-gradient results.
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Figure 41. Interval horizontal gradient profiles for three values
of Ax along the (40,0) to (40,400) profile line at the Manatee
Springs site
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Figure 42. Comparison of measured and calculated (using TALGRAD)
interval horizontal gradients along the (40,0) to (40,400) pro-
file line at the Manatee Springs site
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Figure 43. Comparison of vertical gradient profiles, determined from

two-dimensional model calculations using TALGRAD and from the Hilbert

transform of the measured horizontal gradient profile using HILBERT

for the (40,0) to (40,400) profile line at the Manatee Springs site
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Figure 44. Gradient space plots for gradient data along the (40,0) ]
to (40,400) profile line at the Manatee Springs site i
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Verification drilling results

83. Because of time and fiscal constraints, only a very limited
number of verification borings was possible at the Manatee Springs site.
Unfortunately, the six verification borings were located to investigate
various gravity anomalies as well as anomalies indicated by other geo-
physical surveys and not specifically to investigate anomalies along the
gravity-gradient profile line. Likewise, most of the six borings placed
to accommodate crosshole surveys of various types were placed to the
northeast of the gradient profile line. Two borings, however, allow
direct confirmation of vertical gradient anomalies shown in Figure 40.
Overall the borings indicate that typically limestone is encountered at
depths of 13 to 17 ft (4 to 5.2 m), although limestone pinnacles rise to
within 5 ft (1.5 m) of the surface in placed and clay-filled pockets in
the top of the limestone extend to depths of 27 ft (8.2 m) in places. A
boring near gradient profile position 120 ft encountered a clay pocket
which extended to 27-ft depth (limestone typically is encountered at
17-ft depth in this area); the vertical gradient profiles show a promi-
nent negative anomaly at this location. Another boring near gradient
profile position 280 ft encountered a clay pocket extending to 16-ft
depth (limestone typically is encountered at 13-ft depth in this area);
the vertical gradient profiles show a negative anomaly at this location.

84. The boring near gradient profile position 280 ft encountered
a significant clay-filled cavity in the 90- to 105-ft (27- to 32-m)
depth range; this is the same depth range as the known water-filled
cavity to the southwest. The discovery of this clay-filled cavity feature
suggests that solution features extend considerably northeast of the
known cavity system under the gradient profile line, which is completely

consistent with the gradient profile data in Figures 42-44.

Conclusions

85. The results of drilling at the Manatee Springs site confirm
that the larger magnitude, short spatial wavelength anomalies which
appear in the measured vertical gradient profiles in Figure 40 are due
primarily to relatively shallow (<20 ft or 6 m) density anomalies such

as clay pockets and limestone pinnacles. The lower amplitude, longer
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spatial wavelength anomalies which appear in the measured horizontal
gradient and Hilbert transform vertical gradient profiles in Figures 42
and 43 are due to the deeper (>80 ft or 24 m) main cavity system. The
large amplitudes of the vertical gradients caused by shallow feature

at the Manatee Springs site completeiy mask any possible expression in
the measured vertical gradient profile of the low amplitude anomaly due
to the deeper cavity system, at least in vertical gradient profiles
determined with a short, portable tripod. A much taller tower (>20 ft
or 6 m in height) with lower measurement station several feet (1 to 2 m)
above the ground would be required to have any chance of detecting the
vertical gradient anomaly caused by the cavity system; even then, it is
unlikely that a 0.001 mGal/m gradient anomaly could ever be detected by

a tower (interval) measurement procedure.

Gravity-Gradient Analysis of a Selected Gravity
Profile Across Dry Lake Valley, Nev.

Concepts
86. One of the important and powerful aspects of the gravity-

gradient analysis and interpretation procedures (Butler, 1980a, b, c)

is that they can be applied to existing good quality gravity data at any
scale. Gravity profiles can be digitized; and using the basic digitizing
interval as a starting point, horizontal gradient profiles can be com-
puted for various multiples of the basic interval. The Hilbert transform
procedure is used to compute vertical gradient profiles, and then the
gradient space plot and modulus of the analytic signal plot can be con-
structed. Implicit in the procedure just described is that the struc-
tural aspects of the problem being analyzed are two-dimensional. If a
gravity contour map is used as a starting point, gravity profiles should
be selected across and approximately perpendicular to the trend of anom-
alies which in some sense can be considered to be caused by a two-
dimensional structure. If the starting point is a gravity profile, it
should cross a known structure which can be considered approximately

two-dimensional in nature, striking nearly perpendicular to the profile
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line. An example of the first of these cases is presented here, i.e.,
a gravity profile is selected perpendicular to the major trend of an
" elongated gravity anomaly associated with an alluvial basin in the
Basin and Range Province.

Background
87. The Dry Lake Valley gravity survey is briefly discussed

earlier in this Part as an example of the use of TALGRAD,

88. Dry Lake Valley is located in central Lincoln County, Nev.,
approximately 170 km north-northeast of Las Vegas. The gravity survey,
consisting of 1069 stations in and around Dry Lake Valley, was conducted
by the Defense Mapping Agency (DMA) in the summer of 1977. Correction
of the gravity data was performed by DMA and Fugro National, Inc. person-
nel to produce a Bouguer anomaly map. The regional field was derived by
fitting a second-order polynomial surface to Bouguer anomaly values on
bedrock outcrop stations around the valley. Subtracting the derived -
regional field from the Bouguer anomaly map yielded the residual anomaly
map shown in Figure 28. Complete details of the site, gravity survey,
and data correction procedures are given in Fugro National, Inc. (1980)
and McLamore and Walen (1979). '

89. Dry Lake Valley exhibits typical basin and range structure, |
with the valley probably occurring above a graben betwecen two high angle
normal basement faults on the east and west sides of the valley. Out-
crops in the mountains on the western side of the valley are predomi-
nantly Tertiary ash flow tuffs with some Paleozoic carbonates; while the
mountains on the eastern side are predominantly the Paleozoic carbonates
with only minor amounts of the Tertiary tuffs. The valley fill consists
of unconsolidated to partially consolidated silt, sand, and gravel
derived from adjacent highlands. Primarily the fill materials are
Tertiary and early Quaternary alluvial fan deposits (72 percent by area)

and fluvial and stream terrace deposits (16 percent).

90. The three-~dimensional model and interpretation discussed
previously and shown in Figure 29 were constvained by (a) results of
two long intersecting refraction lines in the north end of the valley,

(b) several shallow (<500 ft or 150 m) boreholes throughout the central
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portion of the valley, and (c) a knowledge of the structural style of
the region. A density contrast of -0.45 g/cm3 (between alluvium and
carbonate bedrock) was determined by trial and error gravity interpre-
tation to yield the best "tie" of the refraction results. This density
contrast agrees with published density values for bedrock and alluvium
materials in the area (McLamore and Walen, 1979). An interesting feature
of the interpretation shown in Figure 29 is that the placement of the
faults was determined from an examination of the second vertical deriva-
tive of the gravity field; i.e., the faults are placed along the zero
contour of the second derivative field. This procedure places the
surface trace of the eastern boundary fault about 1 mile west of the
surface cracks in the alluvium, which have been mapped as a fault.

Gradient interpretation

91. Profile AA” in Figure 29 was chosen for gradient analysis
and is plotted in Figure 45.* The gravity profile was digitized at l-km

intervals and horizontal gravity gradients were calculated for Ax =1,

.20

HILLIGALS
(CBA. RESIONAL)

<38

MILLIGALS
(RESIBUAL)

2% .« .50
p—i = RESIOVAL
[SEESE LN )
b= —{ e ar :owit

Figure 45. Bouguer anomaly (CBA), regional field, and residual anomaly
for Profile AA” (see Figure 28)

2, 3, and 5 km. HILBERT was used to calculate vertical gradients from
each of the horizontal gradient profiles, and the gradient profiles for
the four cases are shown in Figure 46. The gradient profiles clearly
become smoother and exhibit fewer '"complexities" as Ax increases due

to the filtering properties of the interval measurement procedure; and

the gradient profiles for Ax = 5 m closely resemble those for a

* A much larger version of this gravity profile was used for digitization.

86

PPV




@ o ® ®
t ” t
®
®
s
M (87 2an814 a3s) _yy Buore sayyjoad juarpead Tedyiaaa
pa2indwod pa3BTIOJO0SSE pUR XY JO SINTBA JINnOJ 10J S3aTFjoad juatpeal Tejuozyioy painsesy ‘94 3andyy [ )
! . .
] W X WA °X
. . . . . o
ot ez ol ] 3 oc 2
E f 1 T el- > f >
f 0 = »
< z
3 — & ﬂ
LN31avu® ™ . A
IVOILHIAA S N x =z ’
-1°'@ (2 ©
& »
: .
AN / > N ®
S / x 4
»zw.a<¢a\ R o}
IVLINOZIHOH WX 6 =XV 3 = .
Jar G 3 .
~ ~
]
WA X
3 4> ‘@2 ‘el ‘8 9 .
S r T T al- >
B 5
3 Z »
N o
X
® S »
> >
- —
) N
= X
|
o ~
x b
® ®
) ) ®
w w

a4 4 - e




horizontal cylinder (the simplest two-dimensional structure). The
gradient profiles for Ax = 1 km , however, exhibit features, in the
central portion, which closely resemble the profiles for a grabenlike
structure. Gradient-space plots for the Ax = 1 and 5 km cases are
given in Figure 47, which further illustrates the qualitative features
discussed above (Butler, 1980 a, b, c).

92. For purposes of gradient interpretation, the gradient pro-
files and gradient-space plot for Ax = 1 km will be utilized.*
Figure 48 is a larger scale plot of the gradient profiles for Ax =1 km .
It is evident from an examination of Figures 47a and 48 that the struc-
ture causing the gradient anomalies is more complex than a grabenlike
structure with nearly equal side slopes and a horizontal "floor."
Because of the complexities evident in the gradient-space plot, the inter-
pretation procedure will rely on an alternative procedure in which
(a) the vertical gradient profile is used to locate profile positions
of structural corners, and (b) the gradient-space plot is used to deter-
mine slope angles of the graben bounding-faults and their projected
surface intersection points.**

93. Six points are labeled in Figure 48, with points E, F, G,
and H assumed to be associated with the central graben structure.
Points D and I are located at profile positions corresponding exactly
to locations of vertical gradient peaks, while points E, ¥, G, and H
are shifted by Ax/2 relative to the associated vertical gradient peaks

* The result of using the profiles for Ax = 2 km for the interpr.
tation would be nearly identical to that presented for the Ax = 1 km
case. The interpretation resulting from using the Ax = 3 or 5 km
profiles would be different, since the gradient features due to shallow
structures cannot be recognized.

*% For the ideal case of a nearly symmetric, graben structure model,
generally all of the parameters of the model can be obtained from an
analysis of the gradient-space plot alone, including profile locations
and depths of the four corners of the model. The gradient-space plot
will be the superposition of two ellipses, and the inclination of the
long axes of the ellipses to the horizontal axis (vertical gradient
axis) defines directly the slope angles of the sides of the graben
model relative to the horizontal.
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Figure 48. Gravity-gradient profiles along AA” (see Figure 28)
for Ax = 1 km
to qualitatively compensate for gradient profile "broadening" due to
sampling and superposition effects.

94. Angles of -48° and 68°, relative to clockwise rotations from
the 8z,z axis, are defined in Figure 47a for the lower and upper ellip-
ses, respectively. Also, points labeled C° and CC” and corresponding
profile locations are shown for the lower and upper ellipses, respec-
tively; tbhese points are assumed to be the surface projection of the
side faces of the graben structure. The slope angle and C” for the
upper ellipse are fairly well defined. However, the slope angle and C~
for the lower ellipse are not as well defined; there is clearly subjec-
tive judgment involved in the definition of C~° .

95. By use of the parameters defined in Figures 47a and 48, the
structural geometry shown in Figure 49a can be constructed. Points D
and I are assumed to ve at or very near the surface and connected to
puoints E and H, respectively. by straight lines. Maximum depth to rock

of V5.4 km is predicted at point G. The structural model of the valley
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Figure 49. Structural models deduced from Dry Lake Valley gravity ‘
profile AA” using two different interpretive methods o

fill-bedrock geometry is deduced directly from the gradient data with
no assumptions regarding density contrasts.

Comparison of gradient and three- e
dimensional gravity interpretation . 1

96. The results of the three-dimensional gravity inversion along
profile line AA” are shown in Figure 49b (also in Figure 30). Qualitative-

ly, the two interpretations shown in Figure 49 are very similar, and the

®
slope angles of sides EF and GH in Figure 49a and their counterparts in ) 1
Figure 49b differ by 1 and 5 deg, respectively. The primary quantitative |
difference is the rather dramatically larger predicted depth to the
®
91 : 1
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carbonate bedrock predicted by the gradient model. Profile locations
of points D and I are approximately the same in both models; however,
profile locations of points E, F, G, and H in the two models differ by
amounts varying from 0.5 to 1.5 km.

97. Although several explanations might be advanced to explain
the discrepancies between the two models in Figure 49, only two will be
presented and discussed: (a) possible errors in the locations of
points E, F, G, and H in the gradient model, and (b) errors in depth in
three-dimensional gravity model due to selection of density contrast.
Small errors in location and hence spacing of the points E, F, G, and
H could produce significant errors in depths to the corners of the
structural model, due to the relatively steep slopes of the sides of the
graben structure. If the model shown in Figure 49b, from the three-
dimensional gravity inversion, is correct, then using the depths to the
corners E and H as a measure of the parameter ¢, , the "depth" to the
model, results in Ax/Zo v 2 (Ax = 1 km, Zo, ~ 0.5 km). From previous
considerations (Butler, 1980a, b, c¢), it is known that amplitude attenua-
tion and increase in spatial wavelength of the horizontal gradient profile
become significant for Ax/f, = 1 and become very pronounced for
bx/e = 2 . These distortions of the horizontal gradient profile due to
the sampling process will be reflected in the vertical gradient profile
(computed with HILBERT) by increased separation and broadening of the
peaks (relative maxima) corresponding to corners E and H, leading to
values for the distances EF and GH which are too large. It is note-
worthy, however, that the locations of corner H and its surface projec-
tion C" for the gradient model in Figure 49a are more consistent with
surface cracks in the alluvium than the corresponding locations in
Figure 49b.

98. An equally plausible explanation for the differences in the
two models in Figure 49 is that the predicted depths in Figure 49b are

too small due to the use of a density contrast which was too large
(Butler, 1980a). The density contrast of ~0.45 g/cm3 used for the three-

dimensional gravity inversion corresponds to the density contrast for

shallow sediments relative to basement rocks. Since the sediment density
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will increase with depth, -0.45 g/cm3 must be viewed as a maximum
density contrast (Fugro National, Inc., 1980). Thus, the depths calcu-
lated from the three-dimensional inversion are likely too small, parti-
cularly for the base of the graben. Additional modeling with different
density contrasts or a density contrast function that decreases with
depth was not considered to be justified by Fugro because so little is
known about the actual density distribution in and around the valley.
Without further information, such as a deep boring in the center of the
valley or a long refraction line in the center of the valley, it is not
possible to resolve the discrepancy between the two models in Figure 49.
Density contrast considerations seem clearly to favor a valley model with
greater depth than in Figure 49b. Since the model in Figure 49a,
deduced by gravity-gradient techniques, was produced without assumptions
regarding density contrast, it seems to be the preferred model. The
best constant density contrast for the valley, corresponding to the
gradient model in Figure 49a, could not be determined by using TALGRAD
in an iterative fashion, varving only the density contrast until the
calculated and measured gravity profiles agree. This example is pre-
sented in considerable detail to illustrate the manner in which some of
the analytic techniques developed in this research effort can be utilized
to analyze field data to determine geologic structure and geophysical

properties,
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PART IV: SEISMIC METHODS

Background

99. The seismic methods all involve the generation, propagation,
and detection of seismic waves. Seismic waves are generated in three
ways in surveys for geotechnical applications: impact sources, e.g.,
weight drop or hammer blow; explosive sources, e.g., dynamite, exploding
bridgewire (EBW) detonators, and air guns*; and vibratory sources
(constant frequency or swept frequency sources). Detection of the seis-
mic waves is generally by velocity transducers called geophones. The
objective of the seismic methods is to deduce properties of the media
through which the seismic waves pass from properties of the detected
wave forms (primarily the arrival times of various events or types of
waves at the geophones). Two seismic methods are considered here: the
seismic refraction method and the crosshole seismic method.

Seismic refraction method

100. The seismic refraction method is a surface survey technique

in which the source locations and geophones are along a common line.

Figurc 50 illustrates the concept of the seismic refraction method, where

the time-distance plot represents the arrival times of the first event
at each geophone location. The first event at a given geophone will be
due to a wave which propagates directly from the source or to a wave
which is refracted along an interface with a higher velocity material.
The first-arrival time-distance plot can be analyzed to give the velo-
cities of subsurface soil/rock layers and depths to interfaces; Figure 50
illustrates the analysis for the simple case of two horizontal layers
(Department of the Army, 1979).

101. For the case of three horizontal layers, the analysis of
the time-distance plot to yield layer velocities and interface depths is

still tractable by manual methods. Also, the case of two layers where

the interface dips relative to the surface can be similarly analyzed

* Air guns generate seismic waves by a sudden release of compressed gas.
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Figure 50. Simple two-layer case with plane, parallel boundaries, and
corresponding time-distance curve (after Redpath, 1973)

using manual methods (Department of the Army, 1979; and Telford et al.,
1976). However, for the cases of greater than three horizontal layers
and greater than two dipping layers, a programmable calculator or a
minicomputer is desirable for the interpretation. The presence of dipping
layers is indicated by an examination of the time-distance plots from
forward and reverse "shooting" along a seismic survey line, i.e., from
data obtained by using a source at each end of the geophone line.
Figure 51 illustrates the appearance of the time-distance plot for a two-
layer case with dipping interface, where the apparent velocity of the
second layer is always greater when "shooting' in the updip direction.
102. 1In the past, seismic refraction data processing has involved

manual "picking" of first-arrival events and scaling arrival times, often
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Figure 51. Example of dipping interface and concepts of '"reverse
shooting" and "apparent velocity" (after Redpath, 1973)

using a variable scale, from analog records. The time-distance data
were then manually plotted, and straightline segments were fit to the
data if possible. Velocities were then determined as the inverse of the
slopes of the line segments. Interface depths and dips were then deter-
mined manually. This is still a common procedure, particularly when
refraction survey data are processed and interpreted in the field.

103. Magnetic tape (analog) data recording has been used since
the early 1950's and digital tape data recording since the early 1960's
in seismic exploration for the oil industry. Associated with the digital
seismic recording capability has been a rapid growth in digital data
processing technology. This new technology makes possible the expedi-
tious handling of enormous amounts of seismic data and reduces complex
mathematical filtering operations to simple multiplications and addi-
tions of the digital data. Although many of the digital techniques

which have been developed are applicable to any set of time series
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data, the primary application has been to seismic reflection survey

data. Also, equipment cost, physical size, and complexity of operation
-" have prevented application of digital recording and processing technology --..;...;.4
g to seismic refraction surveys for geotechnical applications. However, G

since the mid-1970's, small, relatively inexpensive digital seismic

|
oy

recording systems and powerful micro/minicomputers have been developed l,'i'i
1

which can be utilized by groups involved in geotechnical applications of S

seismic methods.

104. This Part documents techniques developed to expedite seis-
mic refraction data processing and to aid interpretation of seismic KU
‘ refraction results using minicomputers and time-sharing computer systems. . ]
E While the data processing techniques which are described here must be
considered an intermediate step in that analog field records are still : ff .]

utilized, the procedure has considerably reduced the manual effort c ]

: involved in processing refraction survey data and helps prevent the
i data processing "bottleneck" which generally follows large field seismic
5 investigations.

Crosshole seismic method

105. The crosshole seismic method utilizes seismic wave propaga- L W
tion between two or more boreholes to determine the seismic stratigraphy, s
i.e., the seismic velocities of subsurface materials and the locations
of interfaces between materials with different velocities in site
investigation programs. This method is used extensively in foundation
investigations where both compression (P) and shear (S) wave velocities

are required as input to dynamic analyses. Field procedures, equipment,

) and interpretation procedures for crosshole seismic testing are described
3 in Department of the Army (1979), Butler and Curro (1981), and Butler,
[ Skoglund, and Landers (1978). - &
106. Figure 52 (Butler and Curro, 1981) illustrates the geometry '

and concept of a crosshole seismic test. A seismic source and receiver

are shown at the same depth in a pair of boreholes. The seismic source

i
" can be selected to preferentially generate vertically (horizontally) R
ET polarized S-wave energy if desired, and vertical-axis (horizontal-axis) | ]
:. receivers (perhaps in a triaxial geophone array) may be used to enhance

ii °
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Figure 52. Crosshole seismic test geometry and possible
propagation paths

S-wave detection. Explosive sources are rich in P-wave energy, and
triaxial geophone arrays or even hydrophones (in fluid-filled boreholes)
can be used as receivers for P-wave detection. Figure 52 indicates
several layers with different seismic velocities (Vi) and thicknesses;
the problem in crosshole seismic interpretation is to deduce this
seismic stratigraphy from a data set which includes source/receiver
depths and arrival times of events. Generally only the first-arrival
times of P- or S-events are considered. The first P- or S-arrival at a
given depth Z may be due to any one of the possible paths shown in
Figure 52. The first-arrival event will be determined bty the borehole
separation D , and the magnitudes of the velocities. Dividing D by
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the first-arrival time gives an apparent velocity which may not be
equal to any of the layer velocities.

107. Butler and Cutto (1981) discuss some of the procedures and
pitfalls involved in crosshole seismic interpretation, and Butler, Skog-
lund, and Landers (1978) present an algorithm and document a computer
program (CROSSHOLE) for interpretation of crosshole seismic data. The
program CROSSHOLE has been used extensively for the interpretation of
crosshole seismic surveys. The program in its original form was somewhat
cumbersome to use. Since it was written to be executed in a batch mode
on a large computer, a data card deck had to be prepared and submitted
for each set of crosshole data. This Part documents the conversion of
CROSSHOLE to a time-sharing mode, making the program much more con-

venient to use and greatly decreasing the turnaround time.

Minicomputer Processing of Seismic
Refraction Data

108. 1In this section, a processing procedure is described in
which seismic refraction analog field records are processed by mini-
computer. The procedure can be summarized as follows:

a. The analog records are examined in order to "pick"
first-arrival events.

b. The analog records are placed on a large graphics
tablet and the arrival times are digitized using a
four-button graphics cursor.

c. The arrival time-distance data are listed in tabular
form and are automatically stored in data files.

d. Arrival time-distance plots are automatically plotted
if desired.

e. Straightline segments are manually fit to the data on
the arrival time-distance plots.

f. Key points determined by intersections of the straight-
line segments are digitized using the graphics cursor.

g Velocities (the inverse slopes of the line segments)
and depths to interfaces are automatically calculated.

h. The procedure in steps a-d can be applied to any
events which can be identified on the analog records.
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BASIC-language programs for accomplishing the above processing steps
have been written and are operational on a Tektronix Model 4051 mini-
computer and associated digital plotter and graphics tablet; the proce-
dure could easily by adapted for use with other minicomputers with
BASIC-language capability. Input instructions for the processing pro-
grams follow and listings are given in Appendix H. It is important to
note that the key steps in the operation (selecting of first arrivals
(step a) and fitting line segments to the data (step e )) are still
performed manually. Algorithms have not been developed to replace the

judgment involved in these steps.

SEISDIG

109. SEISDIG is a general purpose seismic record digitization
program. The program is well documented and prompting messages are
printed before each input. The following items summarize the input/
output sequence:

a. The first input request is for data identification, up
to 72 characters in length.

b. The next four input requests are for (1) "shothole"
coordinate, (2) distance from "shothole" to nearest
geophone, (3) "shothole" depth (zero if source applied
at surface, such as hammer blow), and (4) spacing
between geophones along survey line.

c. Three input requests define the time scale: (1) digi-
tize timing line just before time break, (2) digitize
timing line 200 msec later (can be changed), and

(3) digitize time break (times (1) and (3) can be the
same).

d. Now the first arrivals are digitized using the four-
button cursor as follows:

(1) Press button "z'" to digitize point.
(2) Press button "1" to skip a trace.
(3) Press button "2" to redigitize last point.

(4) Press button "3" to digitize the last point of a
record.

(5) A tabular listing of arrival time-distance is
produced.

(6) An opportunity is now given to redigitize any of
the points.
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(7) The data are now stored in a data file on tape.

SEISPLOT
110. SEISPLOT reads the SEISDIG data files and produces time-
distance plots. The program is well documented and prompting messages

appear before each input. The following items describe the input/output

sequence:

a. For each operation in the program, the following '"menu"
is printed, and selection of an item number executes the
indicated operation:

(1) Enter data.

(2) Change or add data.

(3) Plot data and label axes.

(4) Choose between paper or CRT plot.
(5) Display data.

(6) Select symbol.

(7) Store data on tape.

(8) Read data from tape.

(9) Stop program.

b. If menu item (8) is selected, the number of the input
data file is requested.

c. When menu item (3) is selected, x and y scale
factors and axis labels are requested, and a plot is
produced with x and y axes of 7 in. and 5 in.
length, respectively.

REFINT

111. REFINT computes apparent velocities of line segments on the
arrival time-distance plot from graphics cursor input of the intersec-
tion points of the line segments. Also, assuming the apparent velocities
are true layer velocities, interface depths are calculated. If both
forward and reverse time-distance plots are analyzed, true layer velo-
cities are calculated using the harmonic mean formula.* The following

items summarize the input/output sequence:

* ie.,1 1 /1 1\ ; where V., refers to true velocity, and
V. 2 \yv_tv )
T F R
VF and VR are the forward and reverse velocities, respectively;

VT = VF = VR if the refractor is horizontal.
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a. The first two input requests establish whether or not
both forward and reverse data are to be processed, and,
if so, which is to be input first.

b. The next three inputs are with the graphics cursor and
establish the scale factors: origin, rightmost point
on horizontal axis, uppermost point on vertical axis.

c. Next, the number of velocity layers associated with the
forward and reverse data is input.

d. The crossover (critical) distances or line intersection
points plus an additional point on the highest velocity
line are now input with the cursor.

e. Next, a series of inputs establishes the geometry of
the line, including source locations relative to the
origin and source depths.

f. The tabulated output includes the critical distances,
apparent velocities, and calculated depths (assuming

horizontal refractors) for forward and reverse survey
lines and finally the true velocities.

Example 1

112. Figure 53 is an example of the plotted output of SEISPLOT.
The data are from a single-ended seismic refraction line. Triangles in
Figure 53 represent first-arrival events at the 24 geophones of the line,
and the source* point is at the origin. The survey consisted of a
series of these single-ended refraction lines along a survey line paral-
lel to a critical structure, with the source point advanced 50 ft each
time. The hexagons in Figure 53 are the critical distances or inter-
section points at A and B and the additional point C on the highest
velocity segment which are digitized as input to REFINT. Figure 54 is
the tabular output from REFINT.
Example 2

113. Figures 55 and 56 illustrate an example similar to the one
above. The objective of this survey was to evaluate a borehole air-gun
as a source for seismic refraction surveys. The refracting interface
in this case is the water table, and the depth to the interface of 11 ft
calculated by REFINT (Figure 56) agrees with the known depth to the water

table at the site.

* The source for this survey was a vertically mounted "shotgun" which
fires a slug into the ground.
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Figure 53. SEISPLOT output for single-ended seismic refraction line

FORWARD REVERSE

THE CRITICAL DISTANCES ARE:

X(1) = 20 K1) = 0
%(2) = 93 R(2) = ]

THE APPARENT VELOCITIES ARE:
V(i) = 948 ¢ps Ud1) = 0 fps
V2> = 2295 fps U¢2) = 0 fps
UC3) = €091 fps V(3 = 8 fps

THE CALCULATED DEPTHS ARE:

t D(1) = 0.808 ft
t D¢2> = 9.80 ft

THE TRUE VELOCITIES WERE NOT COMPUTED FOR THIS CASE
Figure 54. REFINT output for the time-distance plot in Figure 53
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Figure 55. SEISPLOT output for refraction survey at a WES test site for

evaluation of a borehole air-gun source

AIRGUN ON THE WES TEST SITE @ i@ee PSI

FORWARD REVERSE

THE CRITICAL DISTANCES ARE:

(1) = 21 X(1) = 8

THE APPARENT VELOCITIES ARE:
U(1) = 909 fps V(1) = 8 fos
U(2) = 35397 fps U@ = 0 fps

THE CALCULATED DEPTHS ARE:
D(1) = 18.98 ft DC1) = 09.088 ft

THE TRUE VELOCITIES WERE NOT COMPUTED FOR THIS CASE
Figure 56. REFINT output for case shown in Figure 55
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Example 3
114. SEISDIG and SEISPLOT can be used to process any event which

can be "picked" on the analog seismic records. Figure 57 illustrates the
use of these two programs to process several events which can be identi-
fied on the analog records. Although a discussion of the events and
their analysis is beyond the scope of this report, the events include
direct waves (one of which is the air wave), fi- t-arrival refracted
compression wave, secondary refracted wave, the dispersed Rayleigh wave
train, etc.
DOMER

115. A fourth BASIC-language program, DOMER, has been developed
for processing events identifiable in the Rayleigh wave train on seismic
refraction records. The processing sequence described here is not a
rigorous Rayleigh wave dispersion analysis. In a rigorous analysis, the
phase velocities (VP) are determined as VP(T) = Ax/At , where Ax is
the separation of two geophones and At is the phase shift between the
Fourier component with period T at the two geophones (determined by a
Fourier analysis of the records from the two geophones). Group veloci-
ties (VG) can then be calculated from the phase velocities using the
dispersion relation: VG(T) = VP(T) + T[dVP(T)/dT] . Plotting group
and/or phase velocities as a function of period T or frequency
f(f = %ﬂ yields the Rayleigh wave dispersion curves. Interpretation of a
dispe:sion curve involves deducing a layered earth model with a theoret-
ical dispersion curve that best matches the measured curve either with
an iterative computer program or a set of standard dispersion curves
(Grant and West, 1965); Dobrin, Simon, and Lawrence, 1951; and Ewing,
Jardetzky, and Press, 1957).

116. The technique used here is to characterize Aan identifiable
peak or trough in the Rayleigh wave train by its mean period, T , which
is determined simply as the time difference between the two neighboring

troughs or peaks, respectively. If the distance x from the source to

a given geophone is greater than the longest wavelength recorded by
that geophone, then the group velocity for a period T = T is given by

C(T) = x/t , with sufficient accuracy for most purposes, where t is
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the arrival time for the peak or trough with mean period T at the
geophone at distance x . For an event, peak or trough, in the Rayleigh
wave train that can be followed or identified on two or more geophone
traces, the phase velocity can be identified as the inverse slope of a
line through the events in a time-distance plot (see Figure 57) if the
mean period of the event does not change significantly from one trace
to the next (Grant and West, 1965). This technique, particularly the
phase velocity determination, is seldom accurate enough for quantitative
Rayleigh wave dispersion analysis. Also, it is often not possible to
identify enough "events" to define the dispersion curves very well.
However, the technique is useful for site characterization, such as
location of areas with anomalously low Rayleigh wave velocity (hence, low
shear wave velocity). The Rayleigh wave phase velocity versus mean
period data can be converted to velocity versus depth data by computing
wavelengths A (=VPT) and using a "rule-of-thumb," such as the half-
wavelength rule, to assign the velocity VP(A)' to a depth 1/2 (Chang
and Ballard, 1973).%

117. A listing of DOMER is in Appendix H, and the input/output
sequence is described below:

a. Input the desired title.

o |

. Input the geophone spacing.

Input the time interval to be digitized, e.g., 300 msec.

e e

Digitize, using the cursor, the time interval, e.g., the
0- and 300-msec timing lines.

e. Digitize zero time, i.e., either the O-msec timing
line or a time-break.

f. Input the number of events (maximum of five) to be
digitized.

g. For each event:
(1) Input starting trace number.

(2) Digitize the arrival time of the event, peak, or
trough on the starting trace.

* This is only an empirical procedure which should work best for sites
where property variations are transitional in nature over the depth
of investigation, i.e., not distinctly layered.
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(3) Digitize peak or trough to left of event.

(4) Digitize peak or trough to right of event.
(5) Move to next trace and repeat steps.

(6) One button on the cursor is used for each of the
following functions: (a) digitize point, (b) skip
a trace, (c) redigitize preceding point, and
(d) digitize the last point in an event.

(7) Repeat steps (1)-(6) for next event.

h. For each event a table is printed listing distance
(X), arrival time (T), mean frequency (F), and group
velocity (V_ = X/T) for each peak or trough in that
event. &

i. A time-distance plot for all the events is produced;
the input is the same as for SEISPLOT, menu item (3).

Example 4

118. Figure 58 is a plot produced by DOMER of three events
identified on a seismic refraction record from the same site as for the
examples in Figures 53 and 57. Phase velocities for the events are
indicated in Figure 58. Tabular output for event I is given in

Figure 59.

Computer Modeling and Interpretation of
Seismic Refraction Data

119. Two problems can be identified related to the seismic
refraction method: (a) the direct problem, and (b) the inverse problem.
The direct problem involves the determination of arrival times as a
function of distance from a hypothetical source for various seismic
events and a specified model; the model consists of layer velocities,
layer thicknesses, and interface dips. For a given set of arrival
time versus distance data from a refraction survey, the inverse problem
involves the determination of the parameters of a subsurface model
from the data itself. Two FORTRAN computer programs have been developed
which solve the direct and inverse problems of the seismic refraction
method, REFRDIR and REFRINV, respectively. REFRDIR is useful as a

modeling tool for planning field surveys, e.g., geophone spacing and
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Figure 58. Plotted output from DOMER for three events identified in

the Rayleigh wave train on a seismic refraction record

EVENT NUMBER 1

Xy 6t Tinsec Fshz Vg, ft/s
16

20

30

40 124.3 48.1 321.8
50 132,7 49.9 376.7
60 148.3 S7. 404
70 157.2 56.9 445.2
80 165.6 . 483
90 174 48.7 517.2
100 181.2 40.8 551.8
119 187.6 39.6 $86.3
120 193,3 38.8 614.4
130 201.4 38.3 645.4
140 211.6 40 661.6
150 220.2 40.8 681.1
160 229.4 7.3 697.4
170 242,95 44.9 701
186 249, 43 721.7
190 256.3 39.2 741.3
200 26 38.3 754.7
218 273.1 37.1 768.9
220

230

240

Figure 59. Tabular output from DOMER
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survey line length required to investigate a possible subsurface model.
REFRINV is very useful for refraction interpretation, where the data
indicate the possibility of multiple, dipping layers.

120. The theoretical basis for the two programs (REFRDIR and
REFRINV) is a set of equations relating to refracted waves (see, for
example, Officer, 1957). These equations are given in the following
sections describing the programs. They consist of: an equation for
the horizontal phase velocity at the surface, equations corresponding
to Snell's law at each interface, and an equation to compute the
intercept times for the refracted waves.

121. Because the layer interfaces are assumed to be planar,
the travel time for the wave refracted along the nth interface (or

top of the n‘:h layer) is given by

tn(x) = To n + x/vn (14)

Thus, given the horizontal phase velocity, Voo and the intercept time,
th

To,n for the n refraction, the travel time can be computed at all
source-to-receiver distances, x .
REFRDIR

122. The horizontal phase velocity and the intercept time are
computed for each refraction event using the program REFRDIR. In this
case, the P-wave velocities, the interface dips, and the layer '"thick-
nesses" must be given. This program gives the intercept times and the
horizontal phase velocities for both the direct and the reverse profile.
The reverse profile is that array layout in which the shot is on the
opposite end of the array relative to the direct profile.

123. 1In computing the intercept times and the horizontal phase
velocities, program REFRDIR uses the angles, GE; » that the rays make
with the normals to the interface. These angles, as well as other
important parameters (for example, the layer "thicknesses"), are
illustrated in Figure 60.

124. REFRDIR is a modeling program. It assumes: (a) that

the velocity variation in the earth increases monotonically with depth,
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Figure 60. Assumed geometry for seismic refraction paths in
common-strike, multiple dipping layers

(b) that it can be approximated by layers of constant velocity but with
varying thicknesses, (c) that the interfaces between the layers are
planar, and (d) that the interfaces have the same strike (see Figure 60).
If REFRDIR is given an input model containing a velocity inversion

(i.e., a decrease in velocity with depth), it will print an error message
to that effect and stop.

125, The input data for the program are: (a) the number of
layers in the model, (b) the layer thicknesses relative to the direct-
and reverse-profile shotpoints (HPLUS and HMINUS; see Figure 1), and
(c) the dip angles of the interfaces, The air/ground interface is the

first one and it is assumed to be horizontal. Any velocity and distance
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units may be used, as long as they are consistent, but the (dip) angles

must always be given in degrees. REFRDIR computes and prints out:

(a) the intercept times, and (b) the horizontal phase velocities of 'y

the refractions from each interface for the direct and reversed profiles.

The following equations are used by REFRDIR:

sin en—l,n = an—llan (15) -

+ -— .
®a-1,n 7 %a-1,n T %n-1,n (16) -
sin 6% = (a, /a,) sin (6% +y)) 7

" %i1,n 1-1%47 830 Wy a2 ¥y - e
+ +
Vo = ey/stney | % vy a8y
n-2 S
+ + + + o
T, = (ZHH;l/an_l)cos en—l,n + Egi (HI/ai) (cos ei’n o
+ cos ei,n) (19)
The a's are the layer velocities, the H's are the layer thicknesses, e
the v's are the horizontal phase velocities, and the T's are the g
intercept times. The superscripts + or - refer to the direct and ,‘r_'
reversed profiles, respectively. See Figure 60 for the indexing and ’f 1
angle definitions. "‘
126. For a given layer, computation is started by using Equa- éi'fij
tion 15 to solve for sin en_l n* This, in turn, is used in Equation
?
+
17 to generate sin 9;;2 n through sin GI n* The phase velocities
1] ] . -
and intercept times are then computed using Equations 18 and 19. To o
clarify the use of these equations, the calculations for the general
case of three interfaces have been carried out in Appendix I. A listing : .
of REFRDIR is also given in Appendix I.
127. Input. REFRDIR is extensively documented and prompting j
- K
messages appear before each input. All input is in free-field format.
The input sequence is given below:
L

112

PO .

b




(DANMEAS) >~ u

————

-y

Input No. 1l: NLAYRS
NLAYRS--numbers of layers in the model
Input No. 2: SPRDLN

SPRDLN--the spread length, i.e., the length of the
refraction survey line

Input No. 3: (ALPHA(N), DELTA(N), HPLUS(N), N=1, NLAYRS)
ALPHA(N)--velocity in layer N

DELTA(N)--dip angle (in degrees) of the Nth inter-
face, which is the top surface of layer N
DELTA (1) = dip of ground surface of model
0

HPLUS(N)--thickness of Nth layer for the direct
profile (see Figure 60)

Input No. 3 is repeated for each layer.
Input No. 4:

Input "1" if only forward profile to be plotted, and
input "2" to plot both forward and reverse profiles.

128. Output. REFRDIR output consists of tabulated and plotted
versions of the results of the computation. The tabulated output gives
the horizontal phase velocities (apparent velocities) and intercept
times for the forward and reverse profiles. For the plotted output,
the apparent velocities and intercept times are used to define line
segments, and forward and reverse time~distance plots are produced.

PLOT2 (Appendix B) is used to produce the plots.

129. Example. Figures 61 and 62 illustrate the use of REFRDIR
to solve a direct seismic refraction problem. The hypothetical model is
shown in Figure 61, and the spread length was selected as 150 m. Com-
puted time intercepts, see Figure 62, are indicated on the plot in
Figure 61. This example is important because it illustrates that
intuitive predictions of interface dip from apparent velocities or of
apparent velocities from dip may be incorrect. For the example in
Figures 61 and 62, intuition and experience might lead one to expect that
the apparent velocity in the forward direction for interface 3 would be
greater than V3 ; however, the results from REFRDIR (see Figure 62) show
that this is not the case.
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Figure 61. Three-layer model and first-arrival time-distance plot
produced by REFRDIR
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THEUT MUSEER [F LRYERS IM MODEL
©INEUT LEMRTH OF HOT SPRERD
=150
FOR ERCH LAYER TNEUT A LINE EMTEY 4ilTH THE FOLLOMIM: TRTE
ZEPARATED RY COMMAL: (RYVER YELODCITY. DIF DOF INTERFRCE.
LRYER THICKKESE

=500 3015

=1S00«%0 15

=I0N0-Sy
MELOCITIES ARE TN METERTAIEL OF FT-IFCrs TIMET RFE [n
MILLIZECE amb LRTEF THICKRESIED RRE I METERT, (FTY

THERE ARE 2 LRYERT IM THIZ MODEL

"~

LRYER MO, VELNCTTY DIP ‘DEGFEETH H+ H-
i “00. i, 1S, u 2.0
=4 1500, S is. 0 40, =
3 3ann, =S.0

M
eeeee (RALCLILATED SEZLILTE eesee

THFE WD TZOMTAL PHATE VELCCITIES ARHD THE INTERCEFT TIMET

FAR THE LIFECT v+ AMD PEVERSED 7-" FRPCFILESL,

INTCRERCE NO.  PHATE VEL+  PHASE WEL- T+ T-
2 2oan, 251 1247, nal SE . T.S
3 EXE T T 2437, 997 e, 4 7.1

TNFOUT 1 IF VYD WIsH TO FLOT FOFWRRT

CROFTILE LIME Omey

EHTYER 2 TH PLOT FOPKHRRFDL AMD REVERZEPROFILE

Figure 62. Tabular output from REFRDIR for case shown in Figure 61
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130. REFRINV uses the measured horizontal phase velocities
(apparent velocities) and intercept times obtained from the direct and
reversed profiles from refraction surveys to determine the velocities
in the layers, the dip angles of the layer interfaces, and the layer
"thicknesses.” It is an inverse program, i.e., it gives, for its
computed output, the parameters used as the input for the direct
program, REFRDIR. On the other hand, the input of REFRINV corresponds
to the output of REFRDIR.

131. This program uses the same equations that are used by
REFRDIR. However, it uses them in opposite order to compute the physical
properties of the medium by means of a "layer stripping'" technique. That
is, the program uses the measured data to find the properties of the
first layer and then uses the measured data and the properties of the
first layer to find the properties of the second layer and so on.

REFRINV also uses the notation and the geometric parameters illustrated
in Figure 60.

132. REFRINV has for its input: (a) the number of layers,

(b) the velocity in the first layer, (c) the horizontal phase velocities
and (d) the intercept times for the refracted waves from both the direct
and reversed profiles. The program computes and prints out: (a) the
velocity in each layer, (b) the layer '"thicknesses," and (c) the dip

of each interface (the first interface is the air/ground boundary and it
is assumed to be horizontal). The phase velocities and layer velocities
are given in metres/msec (ft/msec), the layer "thicknesses" are computed
in metres (ft), and the dips in degrees. Like program REFRDIR, REFRINV
assumes: (a) layer velocities increase monotonically with depth, (b) the
velocity is constant in any given layer, and (c) interfaces are planar

and have a common strike.

133. REFRINV makes use of the following equations (see Figure 60):

+ +
GI;n * ¢, = arcsin (al/VE) (20)
6t +y = arcsin |(o/a_ ) sin > (21)
m,n wm arcsin am an—l sin n-1,n
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n-l/an = sin en-l,n; en—l.n - en—l,n B 6n—l,n (22)
+ 0.501n 1 =~ _ n-2 Hi +
st i (cos 6,
n-1 cos 6 — i,n
n-1l,n . o,
i=1 i
+ cos ei,n) (23)
cos 6 = 1l-(a_ ,/a )2 1/2 (24)
n-1l,n n-1""n

where the a's are the layer velocities, V's are the phase velocities,
the T's are the intercept times, H's are the layer "thicknesses,"
and the ¢'s are angles between interfaces.

134. Equations 20 through 24 are used iteratively: the input
data for the second layer and the results from the first layer are used
to find the results for the second layer; the input data for the third
layer and results from the first and second layers are used to find the
results for the third layer, and so on. This routine will become clearer
after examination of Appendix J, where these equations are used in the
general case of finding the velocities for four layers.

135. Input. The input to REFRINV is in free-field format and is
summarized below:

Input No. 1: NLAYRS, V1

NLAYRS--number of layers (obtained as the number of
straightline segments in the time-distance
plot)

Vl--true velocity of layer 1 (inverse slope of line
segment passing through the origin of time-distance
plot)

Input No. 2: (VPLUS(N), VMINUS(N), TPLUS(N), TMINUS(N),
N=2, NLAYRS)

VPLUS(N), VMINUS(N)--forward and reverse apparent
velocities respectively for the

Nth interface
136. Qutput. The output of RESINV consists of two lists. The

first list just summarizes the input data, while the second list presents
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the calculated results: true layer velocities, interface dips, and

layer thicknesses.

137. Example. Figure 63 is an example of the output of REFRINV.

The input for this example is just the output from the REFRDIR example
presented earlier in Figure 62. Note that the calculated results in

Figure 63 agree with input model in Figure 62.

S, 3EAEAde 2, AATHAT, PE L 49 55, 1
VELOCITIES ARE IM METEFIA-MILLIZED. TIMES VRE T
HHT L RYER THICKNESIES IN METERS

2

AILLIZED

N, 1F REFFACTIONT = 2§ FIRST-LAYEF VELDOCITY JTi: 0, S0n

THELT OATE:  PHARTE YELOCITIES ARD IWTERCEFTE GF FEFRACTIONT
MERTURED ON TIRECT 40 AND REVERIED =1 PRNFILESD

IHTERFRTE MO,  PHATE VEL+ EHRTE wEy - T+ T-
= 2. 0m 1.207 LT T
= 3,997 2.9 V.4 S%.01

eseee CRALCIMKATED RETLLTL. eeeee
THE nwHVE YELCCITIESs INTERFALCE TIIPT AMIL LARYER THICKMNESIES

LRV ER M), VELOQCITY DIFP YDEG: H+ =
M n,san . 19.0 2.0
z 1.500 S, 0 14,9 dir,
2 3,000 =50

Figure 63. Output from REFRINV using the calculated results in
Figure 62 from REFRDIR as the input data

CROSSHOLE: Time-Sharing Version

138. The basic algorithms used by CROSSHOLE are documented in
Butler, Skoglund, and Landers (1978); this basic documentation will not
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be repeated here. Rather, the changes necessary to convert to remote-

user or time-sharing operations are discussed and examples of the new

input/output format are presented. The following four changes were

made:

Formatted input changed to allow free-field input.

a.
b. Input is from data files to avoid on-line input during
program execution.

c. Input sequence changed to eliminate redundant or dupli-

cate input data.

d. Considerable reformatting of program output to allow
printing on 8.5-in.- (21.6-cm-) wide terminal paper.

CROSSHOLE is listed in Appendix K.

Input

139. All input is in free-field format and is from a data file

(except Input No. 1 beiow).

tions are given below:

Input No. 1:

The input sequence and parameter descrip-

DIN (1)

DIN (l)--name of input data file

Input No.

2;

TITLE

TITLE--identification label for the crosshole dafra set

Input No. 3%:

LIN, IOP1, N, IOP2, ISUM, M, DIST, s%T¥,
VFIRST, VLAST, DLLAST, IMAX, DELGS, IPUN

LIN--line number followed by blank

IOP1--input option code

1
2
3
4
5

for
for
for
for

for

arrival times

apparent velocities

true velocity profile and arrival times
true velocity profile and apparent

true velocity profile

N--storage key for output options, dimensions profiles
for summary tables

* The data file consists of line numbers followed by blanks, with data
entries which follow on each line separated by blanks or commas as

delimiters.
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I0P2*output option code
0 Standard output, primarily for IOPl1 = 1 or 2

1 For TABDUM, apparent velocity as a function of
hole spacing

2 For SUMMARY table of three-hole set, P- and S-
wave data

3 For SUMIWO comparison of computed apparent velo-
cities with measured apparent velocities for
known velocity profile

7 For carrying over the previous true velocity
profile

ISUM-~type of summary table. One for partial and two
for full summary table

M--number of records per hold set
DIST--horizontal surface distance between boreholes

AZIM--hole pair aximuth, clockwise from north (in
degrees)

VFIRST--first layer true velocity (if not defined by
the data)

VLAST--deepest layer true velocity (if not defined by
the data)

DLLAST--depth to deepest layer (if known)

IMAX--number of true velocity layers (for input op-
tions 3, 4, and 5)

DELGS--vertical geophone spacing (for input option 5
only)

IPUN--output punch option (for use with option 5)

Input No. 4: (LIN, Sz(J), SX(J), SY(J), GZ(J), GX(J), GY(J),

J=1, M
LIN--line number followed by blank
SZ(J)--source depth of Jth record

SX(J)--source local x-derivation, from borehole survey
(north direction positive)

SY(J)--source local y-deviation, from borehole survey
(east direction positive)

* Currently, only the I0P2 = 0 option has been formatted for output on
8.5-in.-wide terminal paper. For all other output options, the output
should be directed to a batch printer or wide-paper terminal.
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GZ(J),GX(J),GY(J)--geophone/receiver depth, x , and
y for Jth record
For IOP1 = 1 or 3
Input No. 5: (LIN, TR(J,N), J = 1,M)

LIN--line number followed by space
TR(J,N)--arrival time for Jth record
For I0P1 = 2 or 4

Input No. 5: (LIN, VA(J,N),J = 1,M)

LIN--line number
VA(J,N)--apparent velocity for Jth record
For IOP1 = 3, 4, or 5

Input No. 6: LIN, (DL(I,N) I = 1, IMAX-1)

LIN--line number
DL(IN)-~-thicknesses of specified true velocity layers
Input No. 7: LIN(VL(I,N), I =1, IMAX-1)
LIN--line number
VL(I,N)--true velocities
Output
140. Three types of printed output are generated by CROSSHOLE:
(a) a summary tabulation of the input data; (b) a list of caution and
alternative interpretation messages; (c) a tabulation of the CROSSHOLE
interpretation or calculation results.
Examples
141, Figure 64 is an example of input data file for a case where
arrival times are input. Figure 65 is the output from CROSSHOLE for the
input data file in Figure 64. The caution messages in Figure 65 call
attention to the fact that many of the interface locations are poorly
defined due to an insufficient number of apparent velocity values in
each of the velocity zones or layers.
142, Typically all available information is utilized in develop-

ing representative velocity profiles for a site. Seismic refraction and

uphole/downhole seismic results, if available, are examined. Also, any

borehole log data are examined. Representative velocities which are

121

A




t,nvvvf'r~ "

T

e auan o~ can

-1, 1R
—t, 072

-0, 116G

¢
3
(
Y - S—WHWE - D3 TOE - P TO @ = 10 FT
110 isesaSelD.SelZNlasssnss
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130 40 =0, N9Sy =0, 0ES« 10 0,015 0, 0l
140 15
1506 =20

180 25

-N.241 1S 0,032 0,078

-0, 272 20 n.07s 0,002

[
-, 44% 2 1.103 -0, 047
-0,50 20 0,132 -0, 128
N, 549 35 0,314 -0, 125
-, 789 a0 0,454 -0.214
0,307 45 0,961 -0,.230

Figure 64. Example of the format of an input data file for CROSSHOLE

finally accepted are "averaged" values of all values available. Inter-

face depths are guided by borehole data if available.
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Figure 65. Output from CROSSHOLE for the input data file

in Figure 64

123

shown

bl b bdad




v

Y -

WAy pappew

PART V: SUMMARY AND FUTURE PLANS

Summary

143. This report presents the results of an effort directed to
the improvement of geophysical data acquisition, processing, and inter-
pretation. The major part of the work involves the adaptation of
existing or development of new computer programs for processing and inter-
preting geophysical data. Some of the work can be described as new and,
perhaps, innovative, while other parts of the work involve the implemen-
tation of existing or state-of-the-art techniques to Corps of Engineers
geotechnical applications. The result is the compilation of a rather
diverse group of computer programs and methodologies for the electrical
resistivity, microgravimetric, and seismic methods.

144, Three computer programs for processing and interpreting
electrical resistivity data are presented and documented. RESDIR and
RESINV are programs for use with vertical resistivity sounding surveys.
For a given model of subsurface resistivity variations, RESDIR computes
the apparent resistivity as a function of electrode spacing for an
expanding electrode array; this capability is useful for predicting the
response or applicability of resistivity soundings to a suspected or
postulated resistivity variation. RESINV attempts to determine a "best-
fit" subsurface resistivity model directly from the field data; some
expertise is required on the part of the interpreter in specifying an
initial or "best-guess'" model for input to the program. RESDAT is a
general purpose resistivity data processing program. Both vertical
sounding and horizontal profiling survey data can be handled by RESDAT;
and for the case of vertical sounding data, an option is available for
interpreting the processed data using a subroutine version of RESINV,

145. Three computer programs are documented for use in connection
with microgravity surveys (actually the programs and techniques can be
with gravity surveys on any scale). TIDES computes the theoretical
earth-tide variation at any location and is used in conjunction with

base station reoccupations to assure consistent gravimeter performance
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during field surveys. The program TALGRAD computes gravity and gravity-
gradient profiles across two-dimensional models. HILBERT computes the
Hilbert transform of a discrete profile data set; if the profile data
set is the horizontal gravity-gradient profile over a two-dimensional
structure, then the Hilbert transform profile will be the vertical
gravity gradient. In addition to the three computer programs, two
microgravity survey methodologies are presented: (a) a technique for
reduction of errors in microgravity surveying by the use of optimal
gravity station occupation schemes; and (b) the use of polynomial
surface fitting for determining the regional field component in a set
of data.

146. Several computer programs for processing and interpreting
seismic refraction and crosshole survey data are documented. Four pro-
grams are presented for digitizing, processing, and interpreting seismic
refraction analog field data; use of these programs considerably expe-
dites the processing of refraction data. Two programs are presented for
interpretation of seismic refraction data, REFRDIR and REFRINV. The
program REFRDIR computes first-arrival, time-distance data for a speci-
fied subsurface velocity model. REFRINV determines parameters of a
subsurface velocity model, consisting of layer thicknesses and velo-
cites, directly from processed field data. Finally, changes made to the
program CROSSHOLE are documented. Specifically, CROSSHOLE can now be
executed from time~sharing terminals.

147. Examples of the use of each of the computer programs are
presented. Some of the examples are quite brief. Also, some of the
examples appear in other reports in greater detail (see Preface and
Part I for discussion of companion research efforts). However, some of
the examples are presented in a detailed fashion and appear here for

the first time.
Future Plans

148. Recommendations for future work to further automate geo-

physical data processing and interpretation in support of geotechnical
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investigations are listed below:

Obtain microcomputer for use in the field and convert
RESDIR, RESINV, and RESDAT to execute on it; this will
make available in the field rigorous resistivity
sounding interpretations.

Pursue the development of automated pole-dipole
resistivity data processing and interpretation
techniques.

Acquire or develop a computer program for automatically
computing terrain corrections to microgravity survey
data.

Develop a general purpose microgravity data-processing
program for use with field microcomputers.

Initiate field digital recording of seismic data to
eliminate the necessity of "picking" field analog
records.

Initiate data-processing techniques on field micro-
computer systems.

Incorporate rigorous seismic interpretation proce-
dures in conjunction with data-processing techniques.
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RESO1R

10e8 M

80
%
100
110
120
130
140
150
160
170C
180¢
190C
200¢C
210¢
220¢
230C
240¢
250¢
200C
270¢C
280C
290¢C
300¢C
310C
320C
330C
340C
350C
300C
370
375
380 10
400
419
420
430
449
450
460
470
[1.17]
490
500
510
520
530
540
550

APPENDIX A: RESDIR LISTING

1431368330 05720782 FILE PAGE NO, 1

UN %)R0SDUUI/PLOTS,EIROSDAG1/PLUTLL,E
INTEGER €
COMMON/Z)/E My N/22/DELX,SPAC
CUMMON/ZA3/P (99)/ZA4/R(134)
OIMENSIUN FLTR1(29),FLTR2(34)
DIMEASIUN SN(30),R1(31),A5P(10V)
DATA(FLTRI(1),151,29)/,00046256,2,0010907,,0017122,=,0020087,
%,0043048,2,0021236,,015995, ,017005,,098105,,21918,,64722,1,1415,
$,87819,23,515,2,7745,01,208,,4544,0,19427,,097364,9,054099, 033729
%92,019109,,0110650,2,00715u4, ,0044042,%,002715,,0016749,#,0010U335,
8,00040120/
DATACFLTR2(1),1%1,34)/,000236955,,0001155%7,,00017034,,00024935,
£,00036665,,00053753,,0007896,,0011584,,0017008,,0024959,,005864,
%,0053773,,007893,,011583,,016998,,024984,,036558,,053507,,070121,
%e11319,,16192),22563,,28821,,30276,,15525,%,320206,9,55557,,51787,
i-.}96,.05“}9“'-.015707,.00539“).-.0021“00..000605125/

INPUT NO, | ARRAY CHOICE, INPUTe
jo=FOR SCHLUMBERGER,
&==FOR WENNER,
3#eFOR BIPOLE*BIPCLE,
INPUT AD, 2  SPAC,k,m (POKMATeFREE)
SPAC = CLOSEST A OR 5 8PACING (REAL)
¢ s NUMBER OF MODEL LAYERS (INTEGER)
“ 8 NUMBER OF FIELD READINGS (INTEGER) , 6/DLCADE
INPUT O, 24 ENTER UNLY FOR BIPULEBIPOLE ARRAY, INPUTw
je=]F NeVALUELS ARE VARIED,
Orelf AeYPACINGS ARE VAKILD,
INPUT a0, 2V ENTER ONLY FON BIPULE=HIPOLE, 1P VALUE ENTLRED [N €A nASe
1e=INPUT NeVALUES (TUTAL ™) In INCREASING CRDER (FUKMAleFRELE)
OeeINPUT ONE NoVALUE, (N,DE,1)
INPUT NUy 8 ENTEW LAYER PARAMETERS, (TGTAL ek=1, FURMATOFREE)
ORDERe= H(1)sM(2)panorMtE=1) R(1)eRLCIs0y, RLE)
. ] ] L] L " L] » ] [ ] * * L] L " L ] -
REPEAT POR ADDITIUNAL MODELS,

1 FURMAT(YV)
PRINT,INPUT NG, leea[NDLX (ARNAY TYPE)’
00 REAC 1y INDEX
1F CINOEX,EUW,0) STUP
PRINT, "INPUT NU, ZmeeSPAC,L,™*
READ 39 SPAC,E,™
IFCINDEX=2) 4V ,40,5
S REAC 1,1IX
IF (X 8U.1) GO TU 20
Jal
GO 10 35
20 JaM
35S KREAD 1y (SN(I),131,J)
40 Nm2ate]
SPACEALOG(SPAC)
PRINT, “INPUT NU, §, MUUEL PAKAMETERY, THICKNESSES(N) ANU
& RESISTIVITIES(N)®@ar(1),)M(2)s o ¢ o eN(E=IYR(1)) o 4 o #R(L)?
NLAD 1,(F( 1)y I31,N)
PRINT &2
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S

RESDIN

Sel
S0
580
590
600
3%
b2V
630
640
650
660
670
680
690
vo00
710
720
730
740
750
760
710
780
7190
800
810
820
830
840
850
860
870
88¢
890
900
910
9ev
930
949
950
960
970
980
9990
1000
1010
1020
1050
1040
1050
1000
1070
1080
1090
1100

4e

“3
[L]

45
(1]

47
48
S0
70
15

80

116

CONTY 14338380 0572e/82

FOURVAT (/7% APPARENT RESISTIVITY VALUES")
IF(INDEX®R)US,u5,47
PRINT 44
FORVAT (/" SCHLUMBERGEN ARRAY"//)
GO 70 SO
PRINT 4o
FORNMAT (/™ WENNER AKMRAY®"//)
GO 10 50
PRINT 48
FUR#A!(/“ BIPOLEeBIPULE ARRAYM//)
DELX ® ALOG(10,)76,
IF(INDEX®2) 70,80,500
Y3SpACe19,#DELXe0,13069
DO 75 Isi,mMe28
CALL TRANSEM(Y,])
yEYSDELX
CALL FILTER(FLTR1,29)
G0 10 tev
9=aAL06G(2,)
YSSpAC® 0, 8792495%DELX
DO 110 sl ,Me33s
CALL TRANSFM(Y,1)
AZR(])
YyizY+$
CALL TRANMSEM(YL,])
R{l)sg,sheR(])
ySYSDELX
G0 70 119
MiEy
IF(LX,NEL1) GO TU 11}
Mism
Mz
D0 117 Is),m)
yaSPACe®10,8792495+DkL X
ABSN(I)
A1SABS (Ae],)
S1=ALUG(AY)
IFLALLT,1,) YSYeALUG(A)
gEl,
[F(A,LT,1,) BzAnA+Ae],
§2=AL0G(A)
§33AL0G(A],)
DO 1le Jx),¥e33
Yizy+S})
CALL TRANSFM(YL,J)
AASH(J) /AL
YIBY®S¢
CALL TwANSFM(Y1,J)
AABAA® #R(J)/A
Ylevesd
CALL TNANSFM(Y],J)
RIJIS(AASR(J)/Z(A+] ) InAR(Ae], )AL/ (2,%B)
ysy+LeLX
IF (IX4NE,1) GU TO 117
CALL FILTER(FLTRZ,3d)
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FILE PAGE NO,
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P
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ey

RESDIk

1110
1120
1130
§140
1150
1100
1170
1180
1190
1200
1210
1220
1230
1240
1250
1200
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
16400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1020
1650
1640
1050

CONT 14838810 09/20/82 FlLE PALE ~U, 3

RI(1)SR(})
117 CONTINUE
JF(MyNEL1) GU TU 19
may}
GO YO t20
119 CALL FILTER(FLTRZ,34)
120 PRINT 125,¢
125 FORMAT(/13," LAYER MODEL,.")
PRINT 130
130 FURMAT(/S5X,)"LAYER NU, ") 38X, "THICKNESS™,3X, "KESISTIVITY"/)
DO 140 ]=],te]
Js]
PRINT 135,J,P(1),P(]l¢E=})
135 FORMAT(9X,12,5%,F8,3,7x,F8,3)
140 CONTINUE
PRINT 14S,E,P(N)
145 FORMAT(9X,12,20x,F8,3)
IF(INDEX®2) 209,205,1%0
150 IF(IX,NEa1) GO TU 190
SPSsEXP(SPAC)
PRINT 1060,5P
160 FORMAT(/" BIPULE A®SPACING ®",F6,2)
PRINT 170
170 FORMAT (/710X ,"N",9X,"RKO"/)
DO 185 Isi M
PRINT 180,SM(1),R1(1)
180 FORMAT(TX,F7,2)3%X,F9,3)
185 CONTINUE
GO TO 240
190 PRINTY 200,8N(1)
200 FORMAT(/" BIPULE N=SPACING 2" ,Fo,2)
205 PRINT 210
210 PORMAT(//TXy"SPACING" ,7X,"RR("y)
XSSPAC
DO 230 =1,
ASP(I)EeXP(X)
PRINT 220, ASP(I),K(])
220 FORMAT(OX)F7,2,3%,F9,3)
23v XsX+DELX
PRINT, *D0 YOU wANT DATA PLUTS YES(1), NOC(2)°
READ 1, 11
IF(I11,EW,2) GU TU 240
PRINT, °PLINEAR(1) UR LOGeLCu(2)”
READ 1, JJ
IF (JJ EW,2) GU TU 239
CALL PLUTE(ASP,RrR,™)
GJY T0 eu4v
235 CALL PLUTLL(ASP,KR,M)
240 GO TU j000
ENG
SUBROUTINE TRANSFM(Y,I])
INTEGER E
CUMMUN/LL/E g My
CUMMUN/ZAI/P(99)/LAaU4/R(134)
DIMENSTION T(50)




=

RESOIN

1600
1670
1680
1690
1700
1710
1720
1730
1740
1750
1700
1770
1780
1790
1800
1810
1820
1830
1840
1850
1800
1670
1680
1890
1900
1930
1vao

30

10
20

30

CONT 14338310 05/720/82 FILt PALE NU,

Usy /EXP(Y)
T(3)aP(N)
D0 30 Js2,¢
ASELAP (02 ,2unP(Lolel))
Ba(l,9A)/7(1,04)
RSBP (Nele))
TPRERSep
TCJIS(TPReT(Jo1))/ (1, ¢TPRAT(Jel)/(HORNS))
CONTINUE
R(1)aT(L)
RETURN
END
SUBRUUTINE FILTER(PLTR,K)
INTEGER &
COVMON/ZL/E M yN
CUMMUN/ZAU/R(134)
DIMENSION RES(31),FLTH(K)
00 20 Isj,m
RESO
DO 10 Jsji,K
BSFLTR(J)ak(]¢KeJ)
RESRE+B
RES(1)SRE
DO 30 Jsi,m
R(1)SRES(])
RETURN
END
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APPENDIX B: PLOT2 AND PLOTLL INPUT INSTRUCTIONS AND LISTINGS

Instructions for PLOT2

All input is in free-field format, and the program will call for
the variables by name. The plot specification input variables are indi-
cated in Figure Bl.

Input No. 1: X@, Y@, SFX, SFY, IA, IDASH, THETA

XP,Y¢--X and Y coordinates of the origin on the
paper, in inches from the lower left of plotting
surface

SFX,SFY--scale factors in the X and Y directions,
respectively, in user units per inch of plot

IA--axes specification;
0--X and Y axes drawn
l1--no axes drawn

2--X and Y axes drawn plus lines to form right
and top border

IDASH--=0, plots solid line connecting data points,
#0, plots dashed line

THETA--angle in degrees between X-axis and long axis
of plotter, counterclockwise positive

Input No. 2: HTX, XL, XS, NDX, N X, SPX, ITX

HTX--height of characters in inches (0.1 is typical)
for X-axis

XL--length of X-axis in inches
XS--gtarting point of X-axis from origin (X0) in inches

NDX--number of digits to right of decimal in axes
labels

NPX--power of 10 by which the scale is to be multiplied
SPX,ITX--input 0 for both
Input No. 3: HTY, YL, YS, NDY, NPY, SPY, ITY
Exactly analogous to Input No. 2 except for Y-axis.
Input No. 4: X-LABEL
Input title of X-axis
Input No. 5: Y-LABEL
Title for Y-axis
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Input No. 6: SL1, SL2, BL
Input only if IDASH # 0

SL1, SL2, BL--length of dashes and blank in inches
(two different dash lengths, if desired,
with constant blank length)

B3
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PLOTSeS 10830814 05727782 PILE PALE NU, 1}

1000C wwes GUBROUTIME POR TEXTRUNIX w002 DIGLIAL PLOTTEN ansane

1030 SUARDUTINE PLOTSCIDT)

1020 CHAKACTEK 430 FMT/30M(15041,14)7)1ASCed

1050 DIVPENSION KP(156),I8C0(1),1A58(2),10UT(5¢),1TAb(4,10)
1040 INTEGER MIY,HIYP,XLOY, XLOYP ,MIXyn]XF

1050 LOGICAL L1,LS

1000 DATA L1,C2,C3 70,40875,0,0140ub44,0,003006283/

1070 DATA IC1,1C2,3C3,1C4,1IC5 /13u4217726,262144,512,)148,4/
1080 OATA IESC,IE,1GS /3625878656,35328,3692514112/

1090 DATA KP(1),KP(3),IRPR /362387865906,53068709120,55029206848/
1100 CALL PPARAM(1,160)

1110 10 = 107

1120 IF(ID=69) 2,2,

1330 {1 10 = J1D/1ICY
1340 2 RPy 8 JESCeID*]ICReIke29

1150 KP2 8 KP1o6bU4 3 KPI B KP1eBOTY 3 KPU T KPIe1507
1160 PRINT $20,rPJ,KP2,KPU,100,KP3
1170 KP(2) 8 IDs1CY 3 KP(4) 8 JESC
1180 KP(5) 8 KP(2) § KP(6) 8 75+1C)
1190 IC] = §08¢30 1 IK 8 7 ; 1C & 1CI¢102¢]0
1200 KP§ B RP1ed8) 3 KP2 B KPlel0%
1230 (W2
1240 WXF = 01111111 3 HYF 3 4u6,7273
1250 nlyP 8 0 3 XLOYP 8 0 3 WIXP 8 0
1260 HIXP ® 0 5 LOXP 8 0 3 IPNP 8 O
1270 MP B 0, 3 ANGP B3 O,
1272 Ixo = 0
1274 ivo = 0
1280 RETURN
1380¢C tanansnsrndn WHERE sanaavcanens
1390C fgRaRRReRY sanenanane
1400 ENTRY wWhRERE(XAV,YAV,FACT)
1410 KPY B JESCoIDnICR¢70+]IC3 ;3 KFu 8 JE§(elDa]C24700]IC3
1420 KPS B JESCelD#]C2¢7521C3 3 wPo = JEB(¢1De](2e690]CS
1430 PRINT 120,nP3
1440 PRINT ) "wHEN PRUMPT L1IGMT COMES OM PUSITION PEN,",
1450 &" pRESS CALL BUTTON AND RELEASE"
1460 PRINT 120,rPO
1470 PRINT 120,rPS
1480 READ FMT,LINIINCRINS ING,INSINGy INT
1499 PRINT 120,kP4
1500 ING = IN1/ICHed2 3 IN2 8 IN2/§Clede
1510 INI = IN3I/ICled2 3 ING 8 ING/I(1e32
1520 INS & (INS/]C1»32)/8 3 INe 8 (INO/IC)e32)/E
1530 XAy 8 INJaCleIN3el2eINSe(Y 3 YAV B lNR‘CIOINIAiC301N°¢§3
1540 RETURN
1550¢ tanntenansen PLOT  sssenennonns
1500C YS I 1323 AAARARANAR
1570 ENTRY PLOT(X,Y,]IPN)
1980 1PANX 8 PN
1590 IX &8 xa273e¢lx0
1592 IY & va273¢]Y0
1600 IF (IPNX) 10,99,20
inlo 10 IPANX 8 o]IPNX
1020 IXg ® Xa278
B4

o




PLOTSeS

1022
1024
1Y T
1030
1640
1042
165
1670
1080
1690
1700
1702
1710
1720
1730
1760
1750
1752
1700
1770
1790
1800
1810
1820
1830
184690
1650
1800
1870
1880
1890
1900
1910
1920
1930
1960
195¢
1900
1970
1980
199¢
2000
2030
202y
euvldo
2040
2050
2000
2070
20690
209y
€300
2130
rAY 1
2130

20
30

40

50
53

52

S4

58

(1]

(T4
Y

(1]

CUNT 10630004 03/27/82 FlLE PALE NO, 2

1Y0 3 yn27}

Ix s IX0

1Yy = Ivyv

IF(IPNRe3) 40,930,900
IP(RP(]xe]),£0,165) GO 1¢ 4O
KP(IK) & ]GS

JC = JCe29 3 IK 8 IKe}
IFCIXaLY U ORIV LT 0, UH I GT 095,03 Y,6T,2730) GO TU @5
mlx ® Ix/1C0

Ix 8 lxen]xalCu

Hix B HIxe32

L0x & Ix/1CS

1%,0 8 IXxeLOUX®]CS

LOx & LOXesu

nly ® JY/1C4

1Y 3 Jyen]lyslC4

mly 8 MIYVe32

L0y & 1Y/]CS5

XLOY 8 de(lYwOYSICS)eLlxLDe90
LUy 8 LOYe9e

L ® oF, 1 LY = ,F,
IF(IPNPNELIPN) L3 &8 T,
IPNP B PN 3 18 8 2
1F(IKe3dT) 50,50,8%

1P (nlvertypP) 51,52,5%
XP(JR) B3 M]YelC}

1€ & JCenly

IK 8 Iney

HivP 8 M]Y

L3 = o1,

1P (XLOYOXLOYP) b4,5%8,5%4
WP(IK) = xLQYe*1C}

1C s ICexiOy

Ix 8 Ine}

XLoYP 8 XxLOY

XP(IK) 3 LOYICY

IC s ICeLOUY

In 3 Iney

LOYP 2 LOY

L‘ s .1. ’ LS s .7.

1P (LOYeLOYP) 00,062,060
KP(IX) ® LOYelC!

1C s JCeiOY

IK 8 [ne}

LOYP & LOY

L1 % 41,1 L3 =T,

1P (MIXaHIXP) 04,70,04
IF(L1) GU 10 oo

XP(In) 3 LOYe]CY

IC s ICeLOY

IX 8 Ine}

Ly = ,T,

KP(fx) 8 NIXeIC]

IC & ICemlx

In 8 [Kel

B5
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PLUTSeS

2140
2150
2160
e170
2180
2190
220v
22310
2250
2240
2250
2280
2270
2280
2290
2300
2310
2320
2530
2340
2350
2300
2370
2380
238%
2390
2400
2dio
2420
2430
2440
2450
24o0
Q470
2489
2490
2500
esiv
2%2¢0
2530
2540
2550
24500
2570
2%80
2590
20600
2010
2020
20630

2050C
2000C

2070
2ob0
269

70

T3

72
as

90

91

v
93

95

97
98
99

100
120

2v0

CuUnT 1Us30834  09/27/82

wixP u NIX

JF(L3) GO 10 7%

1F (LOXeLOXP) T1,72,71
XP(In) 3 LOXejCY

IC & ICeLOX

I & Ixe}

LOxP = LOX

GU Tu (99,230,360) ,L2

1C & MQC(1C,4099)
IFCIC,EQG,0) JC & 409%

ICL & ALOG1OG(IC)

1Cec = 0

kP (Ix) & JESC

KP(lxel) & RP(2)

KP(lKke2) s IRPR

IK = [xKeg

ENCODE (PMT,100) IR, ,ICLe}
PRINT FMT,(KP(1),121,1K),1C
READ FHT,ICK
IFCICR/ZICL,kW,73) GU TU 97
IC = 1C1

In s 4

GO TU (50,93,72,2209270,91) s15e}
IS s 7

IF(IPNX,BU,4) GO TU 92

IF(Ineide) 91,91,85
XP(Ik) = 1GS
KP(Ixel) = S3e]1CY
KP(ixe2) = 107x]ICH
KP(Ine3) & J06%]CH
KP(Ixeu) s 63+]ICH
KP(IK+5) s 9Se]C])
IR B [keb 3 JC = ICe4SS
1§ = 3

G0 TO 85

PRINT 120,RP2,%P]
RETURN

TP (MP(In®]) kL, [LS) LU TC 72

kP (1K) B 16D

Ix 3 1ke] ; IC = [C+29

18 & 4

IF(Ik=}152) 72,72.85

iCc 3 ICCel

IF(ICCe5) 88,96,98

PRINT 120,KP2,KP}

PRINT," PLOTTER UN PROUKAM ERKYK®

S$TOP "ERWUR™

RETURN

FORMAT(T2,13,79,11)

FURMAT(2A4,A5,13,A3)
taneasannane SYMBOL oentsntsne
[T XTI (I IITTIY

ENTRY SYMBOL(X,Y, ™, [BCU,ANG,NC)
IF (NC) 520,200,200

IF (X®999,) 205,240,205

B6
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PLOTSeS

2700
2710
2720
2730
2740
2750
2760
27170
2780
2790
2800
2810
2820
2830
2840
28%9
2800
2870
287S
2880
2890
2900
29310
eveo
2930
evag
2950
2900
297¢
2980
29990
3000
300
3020
3030
3040
3u50
30e0
35079
3060
3090
3100
3110
3120
3140
S14y
$15¢0
3100
511
3160
3162
3199
3192
3200
$230

205

210

220
22e

130
224

2ed
22e

230

el

240

2%0

COnT 10830834 05/727/b¢2

IX 2 Xe273¢1x0

1Y 8 Ya273¢1Y0

Le & 2

GO YU 30

Le s |

18 3 8

1t (Ineid3) 220,220,895
1F (HeHP) 222,250,222
CUNTINUE

HP 8 H

KP(IK) &= IESC

KP(IKel) 8 KP(2)
KP(Ine2) a T3e]CH

1C = [C+IDe144

IK 8 IKe3

YVAL 8 HaWYF

XValL 8 YVAL®HXF
ENCUODE(IASC,330) IFIX(XVAL+,5)
FORMAT(14)

187 & o}

L s 0

DO 226 ] =& 1,4

IAC 3 FLO(L,9,1A8C)
IF(LAC,LT,48) GO TO 220
KP(IK) 8 JACwIC}

I 8 IKel

1C 8 1CelAl

L& Le9

IF(157) 228,230,240

18y = 0

KP(IK) & Qae]Cy

IK 8 IKe}
ENCUDECLIASC,130) 1FIX(YVAL®,Y)
60 TU 224

1F (ANGOANUP) 232,280,232
ANGP & ANL

181 = |}

KP(IK) = JESC

KP(IKe]) 8 XP(2)
KP(IRe2) 3 Tue]()

Ik » IKe3

1C = ICeJDe10)
ENCUCE(IASC,150) IFIX(ANGe,S)
60 TU 224

CONTINYE

KP(IK) 8 4100749508

Ik 8 JKe}

JC = [Ce3}

1P (NC) 200,250,20v
COnNTINUE

CALL BCOASC(IBCO,1ASb,0)
IAC & PLD(9,9,1a88(2))
XKP(IK) 8 JACe]lCS

1C & JCelAC

In 5 JKe}

B7
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PLOTSeS

3220

3230 200
3euo

32%0

3J2eo

3er0

3280

3290

3300

3510

5520

3530

3340

33%0

3360

3870

3380

3390

3400

Ju30 270
3420 290
3430

3440

3450

Jue0 300
3470

3480

3490

3%00

3s10

3520

3530

3540

3550

3%00

3570 310
3980
4000C
4010C
4029 320
(TEY]
4040C
40%50¢C

['TT 1]
4070C
4000
4090C
4100
4130C
4120
4130C
4140
4150C
4100
4170C

CUNT 10830034 05/27/782

G0 10 290
CONTINUE
NT 8 NC/4
NL & NCeNTeu
1F(NLaGT40) NT = NTo}
TF(NLoLELO) N & d
JIAC ® FLD(O,9,18C0(1))
IF(1AC,GT,127) GO TO 300
19 8 0
DO 270 ™ =mi,NT ‘
Ls o
IF(MebTgNT) JT 3 &
IF (M GE(NT) JY 8 N
00 270 J 3 1,J7
IAC & FLD(L,9,18L0(M))
KP(IK) ® JACe]C}
IK B JKe}
1C = JCelAC
1F (1x=151) 270,270,685
L 8 Le®
KP(IK) = §GS
Ik 3 Ikey
1C = JCe29
RETURN
JIF(NC,GT,7) GO TUL 290
CALL BCDASC(IBCD,1AS8,NC)
DO 310 ™ B]1,NT
L s 0
IF (M LT NT) JT & 4
IF (MG NT) JT 3 NL
DO 310 J 8 1,J7
IAC ® FLD(L,9,1A88("))
KP(IX) = JACeIL]}
In 8 IKe}
1C s IC+jAC
L = LeS
60 T0 290
sesensesens SPECIAL SYFBOLY tacsnsnnnns
(Y222 222 CARAANDIRD
CONTINUE
DATA 1TaAb /
PLOT SYMHOLS
01
133200,4800104,0,0,00d8818,3)%00080,4n00124,0,

23
1050770,25702,0,0,4225170,47272%£90,0,

“ 5
1079970,4719072,0,0,592018,1048708b6,0,0,
e 7
5310030U,4727200,06,0,1381970,3040999,0,0,

&
.al!!'loap1651026.25705.0,559202.“050150.0.0,
10 11

FILE PALE NO,

5

6obbH1U,38490,2900081,106408923,0835774e,4270070,1982471,25730,

12 13
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4180
4182C
4184
4186C
4188
4190
4200
4210
4229
4230
4240
4250
42060
4270
4eso
s w282
4290
i 4300
F‘ 4302
- £304
4306
4310
4320
a 4330
[ 4540
4350
3 4300
4370
§ 4380
| 4390
b 4400
“uyo
4420
J 4430
4432
4440
4450
YY)
4470
4480

4490
4500
4510

4920
4S30
4540
& 49%0
4So00
4570
- 4o00C

46310C
4o020C
- 4030
4640

PLOT8eS

330
340

3s0
370
352

354
35

3e0
380

390

CUNT 10830814 yS/s27/82 FiLt PAGE NO,

b 149522,25732,)0,0,55951%4,402,0,0,
14 (LAmMmA)
& 48990350,5029929,1605410,0,
19 SIGMA

% 8592565,4989008,435,0/
DATA INEL /=838800b/

RAD = ANG*#,03745329

CTw & COS(RKAD)

5Tk 8 SIN(KAD)

Le = 3

FM 8 68,29%H

X1 8 Xa27341X0

Yl ® Ya273¢1Y0

IV 3 3

IF(NCoLTo=1) IP & ¢
IF(IPkU,5) IPNP = «]IPNP
MC B IBCD(1)e}
IF(MCab T, 40RMC,6T,106) 60 TU 390
IF(MC GT 14) FM = 39mn

15p = 2

1F(MC,GT,14) ISP 8 ¢

DO 350 1A ®mi,4

IT 8 JTAB(lA,NMC)

If s ¢

IP(1T) 330,340,340

It = 1TeINEG

IF s )

VU 350 IV =1,8

10 8 (JAs])eB8elB

JIOYT(I0) 8 1Te]T/B28

1T s 11/8
IF(IBEU 8, ANDGIF (ELGl) TOUTHLIU) 2 JUUT(IU) el
CONTINUE

Ks !

CONTINUE

IF(IOUT(K)®T) 354,352,354
P =3

G0 TO 380

IF(IOUT(K)m0) 356,390,550
Uk 3 (JUUT(K)eIS5P)

0Y = (JOUT(K+1)w15P)

IX 8 (OX*CTHOUYRSTH)#FMeX]
IY 3 (OXaSTHeUYRLTH)#FMeY]
GL TV (4D,40,30) ,IF

¥ = 2

K 58 K2

It (Ke31) 370,370,590

Le =

G0 70 290

ENC

fansaennnens NUMHLR Poncantatns

I PXIIITIIL] [ITLIILY)
SUBROUTINE NUMBER (X, Y M pbPNyANLyND)
CHARACTER FMIN #7,I8CN »30

B9
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PLOTSAS

4050
4000
4o7¢
4ob0
4690
4700
4740
4720
4730
4740
4750
4700
4770
4780
47990
4800
4810
4820
4830
48490
48S¢0
4800
4870
4880
4890
4900

S000C

10
20

30
40

50

60

70

80

110
120

CUNT 10830814 05727 /b2

FPAX & PPN

NOTD =

1P (#PNX) 10,830,820

FPAX 3 eFPNX

NDY 8 2

IF(FPNX,LT,10) GU TO 30

NDJ = NDI ¢ IFIX(ALOLLIOC(FPNX))
1F(ND) 50,40,40

NDT & NDJeND¢}

ENCUDE (FMTN,110) NOT,ND
ENCUDE (IBCN,FMIN) FPN

NC = NDY

G0 TO 80

FPAX = FPN

NOxX & NUel

IF(NUX) 60,70,70

FPNX B8 FPNXR10 ,naADX

NDI = MAX(NDIenDX,1)

ENCOOE (FMTN,120) NDI

ENCODE (IBCN,PMIN) JIFIX(SIGN(ABS(FPNX)+,5,FPNX))
NC = NDJ

CALL SYMBOL(X,Y,H,!BCN.ANG,NC)
RE TURN
FURMAT(@Nn(FJ291MaplliH))
FURMAT(2M(1,1201M))

ENC

PILE PALE NO,

7

S010nnnnssangatnnnsranhdanennr PLOTZ sransiasnsesnttanannetaaeannaty

5020
5030
5040
5050
S000
$070
908¢
5090
S100
5105
Si110
5120
5130
5140
5150
5100
St170
5180
5190
5¢00
5210
5¢20
5230
5240
5250
5200
5270

SUBRUUTINE PLOT2(X,Y,N)

DIMENSION X(1)pY(})

CHARACTER #70 LbBX,LBY,LBXx2,LBY2,LABT*1(70),
s FMmTeo/oN(TOAL)/ ,FINa3/5r(V)/
LOGICAL L1/,7,/

DATA IN /5/

[P (L) PRINY,"READ XO,Y0,8FX,8tY, 14, luAM, THETA"
READCINSFIND XU, Y0,k XoSFY,JA,lUASH, THETA

1F (SFX) ,99,

SPx & 1,  SPY =},

IV (lAsklgl) GO TO 29

LA s @) 3 LY B ] 3 LX2 2 ) ) LY2 3 @]

L2 ® 0, 5 YL2 =2 0, 3 ITx ® 1 ; ITY 3 )
IFCLL) PRINT)"RRAD MTX XL XS oNDX,NPX,SPX, I TX"
READCINGFINY HIX)XLoXSo)NDX o NPX,SPX,ITX

IF(LL) PRINT,"READ MTYpYL,YSINDY NPY,SPY, ITY"
READ(IN,FIN) MTY, YL, Y3,NDY,NPY,8PY,]TY
IFP(SPX,LE,0,) SPX & 1, § IF(SPY,LE,0,) SPY 3 |,
IPCLIX,EU,0) ITX & § § IFCITY,EBG,0) ITY 8
IF(MTX,LE,0,) GO TO 7

| L R

IF(LY) PRINT,"HEAD XelABEL"

READCINGFMT) LABY

DO 2 Is§,70

K s 7ls]

IF(LABT(R) ,NEL 1~ ) GO TO 3

CONTINUE

B10
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PLOTSeS

5280
5290
S3vo
$310
5320
S330
S340
$350
5300
$370
53680
5390
5400
S410
S420
5430
S440
5450
Sq4e0
9470
$480
$490
5500
5510
5520
5530
5540
5550
5560
5570
5580
5990
5600
%010
Se20
%030
Y040
5050
5060
5670
Se80
5690
S700
5710
5720
5730
S740
5750
5700
S7170
5780
$790
5800
S840
5820

26
27

28
29

10
12

14

1o

CUNTY 10330334 0%/¢27/782 PILE Fabk NG, 8

GU TU (6,8,20,28) »1n

ENCODECLBX,FMT) (LABT(]),181,K)

LA 8 ox

IF(nTY,LE,0,) GO TO 9

In 2 2

IF(LE) PRINT,"READ Ye_ABEL"

GO 10§

ENCUDE(LBY,FMT) (LABT(1),18)1,%)

LY [ 2%

IFCla NE,2) GO 1D 29

IFCLY) PRINT,"KEAD HTX2,XL2,XS2,NDX2)NPX2,XYO"
READ(INSFIN) MTX2,XL2,X52,NDX2)NFPX2,XY0

1’(‘-1, 'RIN".KE‘U "‘1'2;VLZ,'S?;NDVI,N“"'VXO'
READCINSFIN) MTY2,YL2,Y82,NDY2,NPY2,YRY
IF(HTX24LE, V) GO TU 27

Ix s 3

IF(LL) PRINT,PREAD XeLABEL2"

60 10 1§

ENCODE(LBX2,FMT) (LABT(]I),181,K)
L2 s K

IF(HTY2,LE,0,) GO 10 29

IK = &

IF(LL) PRINT,"READ YelLABEL2"

GO T0 3

ENCODE(LBYZ2,FMT) (LABT(1),1m1,K)
LY2 ® ®K

IF(IDASH NE,0) GO TO 32

TH & THETA®,(G37453292%

S & SIN(TH) § C 8 CUS(TW)

XCPr = SPXaC/3FX 3 XSF = SPX#8/5FX

YSF B SPY«S/SFY ; YCF & SPy=(C/SFY

CALL PLUTS("a")

CALL PLOT(XO0,Y0,%$)

00 10 1 & g 4N

ne X(])®XCF o Y(])nYSF

v s X(I)®XSF ¢ v(l)»YCH

TF(1ekGqel) CALL PLUT(=,V,3)

CALL PLUTtH,V,2)

GU Ty 14

IF(LY) PRINT,"DASHED LINE e SL1,SL2 & SULID LENGTIHS,",
®* BL 3 BLANK LENGTF (INCMES)"

IF(LY) PRINT,"REAC SL1,SL2,bL"

READCINSFIN) SLI,SLZ,BL

CALL PLUTS("A™)

CALL PLOT(X0,Y0,#3)

CALL DASMED(X,Y,N,SFX/SPX,SFY/SPY,S5L1,5Le,)BL,THLTA)

IF(lae}l) ,998,

XS &8 X8aSHPX 3 YS = YSwSPY

IF (XLoLEL,0,) GO TC 1o

AL 3 XL#8Px ) XST 3 XSeSFx/9PX

CALL AXISIH(XS, YS)LBX,LX,mnTXpXLoNDX,0,XS5T,8Fx,5Px,
Y

JTX,NPX,, THETA)
IF(YLebt,e0,) GO TUL 17
YL & YL#*SPY ; YST 3 YSaSkY/SPY
CALL AXISHlXS.VS,LbY,LV,hTV.YL,M)V,I,VSY,SFV,SPV.

B1l
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PLOTSeS

5830
5840
S8%0
S860
5470
5880
5890
5900
5910
920
5930
5940
5950
S960
5970
5980
5990
6000C

0010C
0020
0030
6040
60%0
6000
6070
6080
0090
0100
6110
o120
61350
o140
0150
oin0
6170
5180
6190
0200
6210
0220
6230
0240
0250
6200
o270
[T 1-1']
0290
6300
0310
0320
6330
0340
0850
03060
o370

CONT 103830814 05727782 FLLE PALE NU, 9

. ITY,NPY,THETA) -
17 JF(XL2,LE,0,) GO TU 18

XL2 & XL2#SPX § Xb2 8 XJ&eSPX ; XY) 3 XYOaSPY

XST2 3 XS2#S§FX/SPX

CALL AXISIU(XS2,XY0,LUX2,LXCINTXR)XL2NUX2 10, XST2,SPX,SPX,
[ ITX,NPX2,THETA)

18 IF(YL2.,LE,0,) GO TU 98

YL2 B YLRASPY 3 Y52 & YS2aSPY § YXQO B YXO0wSPX

Y512 3 YS2+SFY/SPY

CALL AXISlM(VXO,VSZ,LUV&,LV&;H!VZ,VL!,NDYZvloVSYE.SFv;SPV,
& IYY,NPY2,THETA)

98 CALL PLOT(0,90,,999)
99 RETURN :

ENTRY INFILCINF)

IN & INF 3 L1 & ,F,
RETURN

END

RE™ saaaan "INITIATE DATA PLUT" SUBRUUTINE asnans
SUURUUTINE DASHED(XB,Y8,M,8FX,SFY,SL1,SLe,bL,THETA)
DIMENSION X8(3),Y8(})

INTEGER F,F2,08

REAL NJ(@2),N2sNSeNo, LY L2

LOGICAL LS

COmMON /BASIC/ F,F2,M0,MS5,L1eL2,M1oN2sN0 00,01,

3 RO,RY»)S3,54,U8,U2sV0,¥5,J0,03,,3

T™ B THETAR, 0174532925

S = SIN(TH) 5 C = CUS(TR)

XCF & C/5kx 3 XSP 8 8/S5Fx

YSF 8 S/SFY 3 YCF = OS50 Y

Ni(l) & SL1 .
Nl(2) 8 SLE

N2 B B

£ oF

s 2
D3 & of

8 XB8(1)nikCF o YB(}))»YSF
R} &8 XB(1)XSF ¢ YB())eY(CF
CALL PLOT(U),R:,3)
00 100 Jm2,m
Wo = U}
nS 8 GO
RO s R}
vS 8 WO
Ul ® X8(1)sxCPF e« YB(])wYSF
Ri 8 XB(1)ax8F o YB(1)nYCF
D1s(d1eu0)
D2a(RiekQ)
DOsSART(D1en2eD2nn?)
It (0O) ,100,
Jyia0i700
uésbesDo
IF(Fe eQ@,0) GU TU 0O

B12
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PLUTSeS

6380
0390
0400
o410
ou2o
o430
[T
0450
[ 11 1]
6470
[11.1)]
[ YL 14

0500¢C
65410
6520
0530
6540
0550
69060
0570
05480
0590
6600
0610
6020
6030
6040
60650
6000
60670
6680
00690
6700
0710
6720
0750
0740
67950
6760
6770
oT80
0790
0800
6810
6820
(1X1]
6840
o850
ob0o0
o870
60880
8890
0900
69310
6920

10

100

30

50
60

(3
70

hAian S . e g —_—

CUNT 10830334 09727782

LisUtene

L2sU2nng

H0arS

vuavs

CALL ENTHY]

1P (F2,kU,3) GO TU 100
CALL SUBLIN
IF(F2,NE41) GO TO 30
CONTINUE

RETURN

END

FILE PAGE ~O,

NEM asnena "PLOT DASPMEDeL INE® SUBROUUTINE wesnna

SUBROUTINE SuBLIN

INYLGER F,F2,03

REAL NIC2)yN2)NSyno,Ll L2
LOGICAL L3

CUMMUN /BASIC/ FoP2)MO,HS, LY pb@sN1gNE N0 W0 ,01,
[ ] Ro;“l'ssps“pulpUd,VO.VS.JO'DS,L’

HOsHS

voaVS$S

IF(F €G,2) GO TU 20
JO s JOeD)
Lisvuisn1(Jo)
L2sU2aNL (J0)

03 s 03

GO0 10 30

LisVien2

LeésU2eN2

ENTRY EMTRYY
HSaHSeL

vSavSe,2

IF (ABS(M5%00),6T,AB5(ULeQ@0)) GG TO 70
IF (ABS(V5eR0) 6T, ABS(RIeR0)) GO TO 70
F2n0

IF(F,0,3) GO TO Su
Fay

HSL B NS

V5, & VS

L3 s ,7,

REYURN

Fe

IF (4NOT,L3) GO TO o5
CALL PLUT{MSL,VYSL,3)
L3 s F,

CALL PLOT(NS,VvS,2)
HE TURN

L1 Y1}

VSeN}

LisgnSenmy

LEsVSevD
NSeSUNT(L1nn2eL20ap)
IP(F2,kU,0) GU TO By
NosNbOeNS

GU T0U 110
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PLOTSeS

6930
0940
0950
6960
6970
o980
6990
7000C

1010
7020
7030
7040
7050
Tue0
1070
7080
7090
7100
7110
7120
7130
T140
7150
71060
7170
7180
1190
7200
7210
1220
7230
7240
7250
7200
7270
7280
7290
7500
7310
7320
7330
7340
7350
7300
7570
7380
7590
7400
7410
T412
7420
7430
7440
T442
T450

&0

100
110

100

30

CONT 10930314 05/27/82

IF(F,£Q0,2) GO TO 100
NOsN] (JO)eNS

GO YO 110

NosNE2eNS

Fael

JF(Fe)) 60,60,40

END

SUBROUTINE AX]IStd(X, Yy IBCU, NCy m, 514, AN,

“SPACEy ITIC, NP1O, THETA )
DIVENSION LBL(2),IBCD(1)

DATA 1BCD1/4nW’ ZelBL/7UN(XL0,4m

XY s Ixy

ANGLE 8 XY29Q ,¢THETA
In B THETA®,01745329
$ = SIN(TH)

C = COS(TM)

TIC & SIGN(L1,ITIC)
SPAC 3 SPACE

Gsh

Plo ® NPLO

x2 2 X

Yz s Y

X7 = 0,

YT s 0,

LINE B 2

Slz = 81t

IF ( SIZ2) 1,106,100
LINE 8 3

§12 = 512

ND B NN

NA B NN

IF (ND) 3,242

NDJG 3 ND ¢

GO 10 30

ND 3 O

NDIG ® O

NSPACE ® S1Z 7 SPAC ¢ ,5
FNSPAC 8 NSPACE

Th 8 FNSPAC & SPAC
MO2 B G ,5

WU7? 3 W02 # 3,5
HUYT24 ® 4, & §
PUWER = 10, ®»* (eNP}10)
DELX ® POwkk « DX
XMEN B POWER & XMIN
ANG 8 ] oXY

NB 3 NC

ALab s 1,

XYL 8 418

IF (NB) S, 6, ©

NH 8 eND

ALaB 3 e},

XYL 3 XYL*G6

TICAY 8 (2ynXYe),)nALABRT]Ce,]

B14
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PLOTSeS

7400
7470
7480
7490
7500
7510
7520
7930
7540
7950
7960
7570
7580
7590
7600
7030
7620
7630
To40
7650
7660
To70
7680
7690
7700
7710
1720
7730
7740
7750
7700
7770
7780
7790
7600
7810
7820
7850
T840
1450
T800
7870
7880
7890
7900
71910
7920
79350
7940
79%0
7900
1970
7980
79990
8000

60
65

70
74

10
76
17

12
13

17
18

CUNT 10830814 0%9/¢27/82 FILE PabLt ~NO, 12

XYIC ® TICXY & XY

YTIC 8 TICXY » ANG

AR & M8

IF ( P10) 60,065,060

AX 3 AR ¢ b,

STITLE 8 1L ¢ ,5 o (7,%AK » 3,) & NCT &« 5
Ticm) 8 ,16 & TIC » 05

ANCMIN & 24,

XNUME 8 XMEN

Lin 2 3

NMgX ® 0

Js 0

D0 12 I8J,NSPACE

NDIGIT 8 NDIG

CALL PLOY (x2, Y&, LIN)

LIN ® LINE

X1 ® XTextvlcC

Y1 8 YTeYTIC

XP 8 X1eC o YieS ¢ X

YP 8 X148 ¢ Yin(C ¢ VY

CapL PLOY (xP, YP, 2 )

IF (G) T, 11, 7

1P (MOD(I,171C)) 8,8,20

ITEMP 8 434294482 *ALOG(ABS(XNUMB) 4,5 v J0,ax(eND))el,
IF(ITEMP)TO,70,71

ITEMP = |

NDJGIT & NDIGITelTEMP

JF(XNYUMB)9,10,10

NDILIT = NDIGIT ¢ §

IF(NDIGIT o NMAX)77,77,7¢

NMaX ® NDIGIT

POIGIT & NODIGIT

CENTER &8 (7, # FOIGIT » 3,) & HUT » ,5
XAND B o ALAB & XY o ( TICM! ¢ CENTER ) » CENTER
YAND 8 ALAB & ANL » ( TICM) ¢ mQ2) = MURZ
X1 & XAND ¢ X7

Y1 2 YAND ¢ Y7

XP 8 XIoC @ Y)a$ ¢ X

YP 8 X§aS & Y1l o ¥

CALL NUMBER (XP, YF, G , XNUMB, THETA, NA )
ANUMB 8 XNUME ¢ DLRLX

I1F (ANUMINOXAND)11,81,70

ANQMIN 8 XANO

CALL PLOT(XZ, Y2, & )

XT & XY ¢ SPAC = ANG

YT 8 YY ¢ SPAC &« XY

X2 8 XVeC o YYaS ¢ X

YE & ATeS ¢ YVa( ¢ Y

CONTINVE

IF tb) 13, 16, 13

NX B NB/U

IF (AMUD(NB,)4))18,18,17

NX 8 NX ¢ )

DO 15 Isi,Nx

1P (1BCD(1)=IBCDL)19,15,19

B15
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PLOTSeS

8010
8020
8030
8040
8050
80060
8070
8000
8090
8100
8110
8120
CRR 1Y
8140
8150
slel
8170
8180
8190
8200
8210
8220
6230
8240
8250

15

19

14

16

CUANT 10330314 05/27/8¢

CONTINUE

60 TU je

PNVAX B NFMAX

ANC*JO B (7, & FAMAX @ §,) & nO7 & 5
XTITLE 3 XY & (ANUMIN ¢ ANOWILC « ALAD =(A
e ANG * STITLE

YTITLE & ANG o (YAND ¢ ALAYM * (G * 410 ))
xP 8 ATITiLkeC o YTITLE®S ¢ X

YP &8 XTITLEAS ¢ YTITLESC o ¥

CALL 8YPBUL(XP, YP, 6, IBCD, ANGLE, MY )
1IF (P1O) 14, 16, 14

PNR 8 NB

BN 8 (PNB ¢ 1,) & G

XTITLE & XTITLE ¢ ANG o BA

YTITLek s YTITLE ¢ Xy & BN

XP 8 XTITLEAC o YUITLE®S o X

YP B XTITLESS ¢ YTITLENC o ¥

CALL SYMBOL (XP,YP,G,LBL,ANGLE,7)

XTITLE 8 XTITLE ¢ ANG & MOTTRW mXYenyg
YTITLE & YTITLE ¢ XY @ HOTTR4 ¢ANGan0Q
XP 8 XTITLESC o YTITLERS ¢ X

YP & XTITLE®S + YTITLEe( ¢ ¥

CALL NUMBER ( XP, YP, S5,» NOT7, P10, ANGLE
RETUKRN

ENC

B16
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CaEa o . ans s au a4

PLUT e

3000
Svio0
3020
5030
5040
3050
3060
3070
3080
5090
5100
s110
3120
3150
3140
3150
3100
3170
3180
3190
3200
3210
$e220
3230
5240
3¢50
3200
3270
3280
3290
3500
3310
33¢2v
3550
LX)
5350
$500
3370
$580
3590
3400
3410
3420
sS40
LT
3450
3400
3470
3480
349y
3500
$51¢
3sev
3550
3540

10

12

103321609 wS/e7/8¢ FlILE PALE ML, 1

SUBRUUTINE LOGARS(X,Y,BCO,NComySIZE NCYLoIRY, XMIN,NA,LTIC)
s Y

b s M

KCyL & MCYL

KXy & XY

KA S NA

KTIC & 1TIC

lLab 8 }

XYL & ,18

IF(NCIL, 202

ILAB B o}

XYL ® XYL¢G

TL ® SIZE#xCYL

NAANG 3 JeKXY

NBY & NCsILAB

LANG B (2ukXYel)nlLABSKT]C

TICKY = LANG®0,1

XTIC & TICXYRKXY

YTIC = TICXYaNANG

[TICME & eXT]C

ML2 & /2,

07 ® G/7,

FIvHOT 8 HO7#S,

FHQT02 B ,5#F1VHOT7

STITLE 3 ,SaTL & ,SamMO7a(VaNbl=$)
xT 8 X

Yr s 2z

CL = SIZE

ANG = 90,00KXY

ANO B L1o=KTICx,0%

ANG1 = ANOeFRMUTUR

Plyg & ALOGIG(XMIN)

PIgm 2 PIOeKCYL

XPN 8 540
IF(PLOLT,0,0,UR,PLIOM LT,9,) XPN 2 XPNeFHOTDR
CENTER ® 5, 94H0T7¢XPNAKXYENANGERO2
XANU = o] AURKAYN (ANQOeLENTER) o CENTLR
YANG = ILABANANG® (AND1@RU2) » HOZ
1F (KA)Y2,12,10

XANUP 8 XAND¢2,2%6

YANOP = YANDe¢, Tnb

CALL SYMBOLC(ATOXANY,YTHYARNU b ,eM10,uaG9¢)
CALL NUMBER(XT#XANOF,YTeYANOF ,F1vnUT,PL10,0,0,=])
CALL PLUTCXTOXTIC,YTeYTIC,S)

CALL PLUT(XT,YT,2)

DU 60 N3} ,KLYYL

TL & CLe(Ne})

1L0¢ & TLenayY

TL 3 TLONANG

DU Su 122,10

FLPCOl = |

TLING = ALOGLIOCFLPCOL) o C4

X1 8 TLINCENANG

AP 8 XJexTely

YI s TLINC®RRY

Bl7
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PLUTL e

3950
3500
3570
3580
3%9¢
Jouo
Joio0
3020
3030
3640
$050
Joo0
3070
S080
3090
3700
3710
4000C

30

50

ov

70

80

COnTY 10832145 Ud/R27/78 FILE PALE MO, e

YP 3 YlevTeTLUZ

CALL PLOT(XP,YP,2)

CALL PLOT(XPeXTIC,YPeYT1]C,R2)

CALL PLUT(XP,YF,3)

TP (XA) 00,00,%0

CONTINUE

CALL SYMBUL(XPeXANU,YPeYANU,b,2HI0,0,0,2)

Pilo 8 PlOe}

CALL NUMBLK(XPeXANUP ,YFPoYANUP,FIVHOT,P10,0,0,=1)
CALL PLOT(XP,YP,3)

CONTINUE

IF(6) 8U,80,70

XTITLE 8 KXY#(XANUSCENTERaILABS(CENTERSXYL)) ¢ NANG®STITLE
YTITLE 3 NANG®(YANUSLILAB(LH,18)) ¢ RXYNSTITLE
CALL SYPBULCXTITLE®XTY,YTITLE®YY,0,8C0,ANG,NBY)
RETURN

END
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Instructions for PLOTLL

All input is in free-field format, and the program will call for
the variables by name. The plot specification input variables are
indicated in Figure B2,

Input No. 1: X@, Y@, XMIN, XCL, YMIN, YCL, IA, IDASH

X0,¥Yp--X and Y coordinates of the origin on the
I! paper, in inches from the lower left of plotting
surface

T r?—“'. - ——

1 XMIN--starting value for X-axis in user units (lowest
decade value, i.e., 0.1, 1, 10, 100, etc.)

XCL--number of inches per log-cycle on X-axis

YMIN--starting value for Y-axis in user units (0.1, 1,
10, 100, etc.)

YCL--number of inches per log cycle on Y-axis
IA--axes specification

O--plot axes

1--no axes

2--X and Y axes drawn plus lines to form right
and top border

IDASH--=0, plots solid line
#0, plots dashed line

Input No. 2: HTX, NXC, NAX
HTX--height of characters in inches for X-axis label
NXC--number of X-cycles
NAX--=1
Input No. 3: HTY, NYC, NAY
Exactly analogous to Input No. 2 except for Y-axis
Input No. 4: X-LABEL
Input No. 5: Y-LABEL
Input No. 6: SL1, SL2, BL
Input only if IDASH # O
SL1,SL2,BL--length of dashes and blank in inches

If IA = 2, the following two input specify labeling of
of the right and upper axes.

Input No. 7: HTX2, NXC2, NAX2, XYO
Input No. 8: HTY2, NYC2, NAY2, YXO

B19
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HYX2,HTY2--height of characters in inches
NXC2,NYC2--number of X- and Y-cycles, respectively.
NAX2,NAY2--set both = -1

XY0,YX0--coordinates in inches of the upper right corner
of plot

B21
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4010ansnangapgnrsatsenannannsad PLOTLL *HRasaanatasattaantontanastedans

400
4930
4040
4050
4000
4070
4080
4099
43100
4110
4320
4130
4140
4150
4100
17
4180
4390
4200
“<10
w20
4230
(1Y)
“e2%0
4200
[Y34]
4280
4290
4300
4310
4320
4330
4340
4350
4300
4370

~4 owNn

SUBKROUTINE PLOTLL(X,YyN)

COMMUN ZBLINP/Z L1, 1IN

DIVMENSION X(1),Y(})

CHANACTER #00 LBX,LBY,LBX2,LbY¢Z,LABT®*](0V),
[ FrTan/oM(0O0AL )/ ,FINa3/30M(V)/
LUGICAL L}

DATA LY/, T,7 4 IN/S/

IP(L1) PRINT  "WHEAD XO YO XMIN,RCL,YMIN,YLL,]A,JUASH"
READCINGPIN) RO, YU XMINGXCLoYMIN, YCLo LA IDASK
1F(XCL) 499,

1P (lAskL,l) GO TU 29

LX ® @] 3 LY B | 5 LX2 8 | } (Y2 3 e}

XL2 ® 0, 1 YLE B 0, 5 NXC2 8 U § AYLZ B U
1P (LL) PRINY,®REAU HTX)NKT,NAXK®
WEADCINGFIN) MTX,NXC,NAX

IP(LL) PRINT,PREAD MTY AY( ,NAY®
READCINGFIN) mTY NYC,NAY

IP(HTX LE,0,) GO TO 7

Ik s |\

IF(LL) PRINT,HEAD XoLABEL"

READ(INGFMT) LABT

00 ¢ Iwi,00

XK s 6le]

IP(LABT(R) NE,1H ) GO TO 3
CONTINVE

0 TU (0,8,20,28) ,1K
ENCODE(LBX,FMT) (LABT([),181,X)
LE 8 ek

IF(HTY,LEL0,) GO TU 9

Ix 8 2

IF (L) PRINT,"READ YeoLABEL"

60 Y0 1

ENCUDL(LBY, P MT) (LABT(1),183,K)
LY 3 &

IF (1A NE,2) 6O TO 29
16 (L) PRINT,"HEAD MTXQ,NXCEoNAXL,XYU"

B22
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PLUTL =S

4380
4590
4490
4430
u4eo0
4430
4aao
4450
4460
4470
4480
4490
4500
4530
4520
4530
4s&o
4550
4560
457¢0
4580
4599
4000
4610
4620
4630
4049
4850
4660
4670
4080
4690
4700
4710
4720
4730
4740
47150
4700
4770
4780
4790
4800
4810
4820
4830
4840
4850
4800
4870
111}
48990
4900
4910
4920

PLOTLeS

4930
4940
$000C

26
27

28
29

10
12

13

14

16
17
18

98

99

CONTY 10832345 05/¢7/82 PILE PALL MO,

READ(INGFIN) MTX2,NXC2,NAX2)RYV

IF(LY) PRINT,"KEAD HTY2,NYC2,NAY2,YX0"
READCINGFIN) MTYZ2,NYC2,NAYZ, YN0
TIF(XYULE,0,) AYU = NYC2eYLL
IF(YXO Lk, uye) YXO B8 NXC2uXCL
IF(RTX2,LE40,) GO TU 27

Ik =3

IP(LY) PRINT,"READ Xe_ABLL2"

6L T0 §

ENCODE (LBX2,FMT) (LABT(]),181,%)
LX2 & K

IK & &

IF(L1) PRINY,"READ YeLABEL2"

G0 10 |}

ENCODE (LBY2,FMT) (LABT(1),18},K)
LY2 B ok

X0 & ALOG(XMIN)

YO 8 ALOG(YMIN)

KLF & J4JdavassenxCL

YLF B ,U34294uB2eYCL

1F (JDASH, NE,0) GO TO 12
CALL PLOTS("A®)

CALL ?LOT(XO"O"J)

PO 10 1 =® I,N
I'("(!)oLt.O.J X(1) & XM]IN
IP(Y(L)elEG04) Y(]) & YMIN
H s (ALOGCX(]))eX0)wXLF

v s (ALOG(Y(I))-VO)'VLF

IF (1,EU,1) CALL PLOT(M,V,3)
CALL PLOT(M,V,2)

GO YO 14

IFCLL) PRINT,"DASHED LINE o SL1,50L2 5 SULID LENGTHS,",

& * BL 8 HLANK LENGTH (IACHLS)"

IF(LL) PRINT,"READ SLI,SL2,8L"

READCINGFIN) SL1,SLE,BL

CALL PLOTS(™AM)

CALL PLOY(ROsYV,»3)

DO 13 Isi,N

IF(X(1)elE,404) X(1) & XM]N

IF(YCI)oltk o0y Y(I) 8 YMIN

X(1) & (ALOG(X(I))eXO)aXLF

Y(1) & (ALOG(Y(1))eYQ)avLF

CONTINUE

CALL DASHED(X)Y,NyleplasSLY»SLE,BLIU,)

IF(lAey) ,98,

IF(NXC,LEZ0) GU TO 1o

CALL LOGAXS (0,00, oLBX X HTXoXCL,NXCrOpXMIN,NAX, L)
IF(NYC,LEL0) GU TO 17

CALL LOGAXS (U404 olBY LY MTY YCL,NYC)1,YMIN,NAY,])
IF(NXC24LEo0) WU TU 18

CALL LOLAXS (04 )XY0,LBX2,)LXR2)HTX2,XCLYNXL2)0,XMIN,NAX2,1)
IF (NYC2,LE0) GU TU 98

CALL LOGAXSCYX0,0,0LBY2)LY2)MTY2,YCLoNYC2o1, YMIN,NAYL 1)

CALL PLUT(U490,4,999)
CONT 10832045  u5/27/8¢ PILE PAGLE NU,
RETURN
END
B23

3

q

o




SOJ0asnassangunsncunannnnannas PLUTLY REMRRAARNRARASARAAONERRRARANERRARS

%020
S030
5S040
5050
5060
S0Tv
5060
S99
5100
5110
51¢0
5130
9340
9150
Siey
S170
5160
Siv0
5200
Séio
5220
5230
Seuy
5250
S2e0
S270
5280
5290
$500
5510
5520
5330
5340
5350
S500
$370
5380
5390
S4gv
5410
5420
Sus0
Syup
S450
S400
S470
S4b0
L5490
9500
5510
5920

- o wNn

r{J
a7

1Y

SUBKOUTINE PLUTLY(X,YyN)

CUMMON ZFLINPYZ L1y IN

DIMENSIUN X(1),oY(})

CHARACTER »00 (BX,LBY,LBX2,LBY2,LABT]) (60},
FeTwo/0on(00Al)/ ,FINRD/SH(V)/

LUGICAL L}

DATA L1/ ,T4/7 o IN/SY

IF(L1) PRINT,"HEAD XO,YU,S8FXpYMIN,YCL, 1A, JVASKH"

“',’,‘D(IN'FIN) XO.VO.SFxpVHIN,YCLallalDASH

IF (SFX) ,99,

$Px s 1,

IF(1A,EG,1) GO TO 29

LX B e J LY 8§ 5 LX2 8] } LY2 B »}

XL2 5 04 3 YL2 ® 0, 3 NYL2 B8 0

IF(LL) PRINT,®READ HTX)XL,XSsNUX,NPX,SPX,]TX"

READUINGFIN) ATX XLy XSyNDX,NPX,5PX,1TX

IF(SPXaLE,0,) SPX & §, 3 IF(ITX,EU,0) ITX 8 §

1P (L1) PRINT,"READ HIY,NYC,NAY"

READCINGFIN) MTY NYC,)NAY

IF(HTX4LE,0Q,) GO TO 7

Ix = 1

IF(L1) PRINT,"READ Xso_ABEL"

READCINGFMT) LABT

00 2 Is1,60

s ole]

IF(LABT(K) NE,iM ) GO TO 3

CONTINUE

GO 10 (o,B,26,28) ,IK

ENCODE(LBX,FMT) (LABY(l),131,K)

LX 8 ek

IF(NTYLELQ,) GO TU 9

Ix = 2

IF(LY) PRINT,"READ Yeol_aABEL"

60 T0 1§

ENCODE(LBY,FMT) (LABY(I),1ul,K)

LY 8 K

IF(IAGNE,2) GO TO 29

IF(L1) PRINT,"READ MTIX2,XL2)X82,NDX2,NPX2,XYO"

READCINGFIN) MTXZ,AL2,X52,NDXE)NPX2,AYD

IF(L1) PRINT,"HEAD NTY2,NYCZ/NAYZ,YXO"

READCINSFIN) RTY2,NYC2,NAYZ,YXO

IF(XYVO,LE,O0,) XYO & NYC2eYCL

TP (YXOqLboU,) YXU 3 SPR®X|

IF(HTXe bbo0,) GO TU 27

Ix 8 3

IF(LY) PRINT,"READ Xe_LABELZ"

60 TU |

ENCODE(LBX2,FMT) (LABT(]),18),K)

L2 = K

IF(MTY2,LE,0,) 6O YU 29

Ik 5 4

B24
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PLUTLeS

5530
5540
$5%0
95060
8570
SSbu
54990
5600
Sol0
See0
Sod0
Se40
So50
Sob0
Se70
5680
Se9v
S700
S730
57120
5730
S740
S7%0
5760
S770
$780
57990
5800
5810
5820
5830
S840
5850
5600
S87v
5880
SH9¢
5900
9910
S9¢0
5980
5940
995¢
S9e(
S97¢
S9u80
99990
60090

CUNY 10332845 05727782 FILE PAGE MO, S
IF(L1) PRINT,"READ Ye_ABELZ"
60 TuU 1
2B ENCUDE (LBYZ,FuT) (LABT(1),181,%)
LY2 5 eK
€9 CUNTINUE

YO & ALUG(YMIN)
XS & SPX/SFX
YLE 8 ,434294482eYCL
IF (IDASH NE,LU) GO TO }2
CALL PLOTS("a™)
CALL PLUT(X0,Y0,=3)
DU 10 1 & 1,N
IF(YCL)obbeOy) Y(I) = YMIN
N ox X(l)aXSF
Vv s (ALOG(Y(1))eYU)nYLF
IF(1,8Qal) CALL PLOT(M,V,Y)
10 CALL PLOT(H,v,2)
G0 TU 14
12 IF(LY) PRINT,"DASHED LINE o SL1,5L¢ 8 SULIU LENGTHS,",
L] " B, 8 BLANK LENGTR (INCHES)Y
IF(L1) PRINT,®READ SL1,5L2,0L"
REAUCINGFIN) SLE,S5L2,BL
CALL PLOTS("aA®)
CALL PLOT(X0,Y0,=3)
DO 13 I31,N
IF(YC(I)4LELO0,) Y(I) = YMIN
x(1) 3 X(I)nxSt
(1) 8 (ALUG(Y(1))eYO)nYLF
13 CONTINUL
CaLL DASHED (X, Y Nyl arlasSL1,S5L2ebL,0,)
14 1t (1A=3) ,90b,
X5 3 XSwSPX
IP (XLoLELO,) GU TU Lo
XL 8 XL#SPX § XKST & XS«bt x/5FX
CALL AXISIU(XS Y S LBX gL X, MTX )KL MUK U KSToSFX,SPX,
'S 1TX,NPX,0,)
106 IF(NYC,LEL0) GO TC 17
CALL LOULAXS(0, 904 LBY LY, HTY,YCLONYC )1, YMIN,NAY,L)
17 IF(XL2,LE,04) GO TO 18
XL2 8 XLZe8PX 3 XS2 & X82a$SFX
XS9T¢ 3 XOLASFX/SPx
CALL AXISIA(XSE, XY LBXZ,LX2¢HTX2,XL2)NUX2,0,X5T2,SFX,5PX,
. 1TX,NPR,0y)
18 JF(NYCR2,LE40) GO TO 98
CALL LOGAXS(YX0,0,,LBY2,LY2Z)NTY2,YCLINYLRo),YMIN,NAYE,Y)
98 CALL PLUT(UgeU,,999)
99 RETURN
N

B25
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APPENDIX C: RESINV LISTING

RESIMY jésu2iuad 05/¢é0/8¢ FILE Pabr NU, 1

Ses RUN *3ROSDUUI/PLOTS, L

10 INTEGER &

20 COMMON/ZI/7E sM N/ 2Z2/DELX ,SPAC/ZLIS/NA/ZU/LY gR¥S P SL/LISLR

30 CUMMON/ZAL/U(05,30)/7ZA2/UG1(32,30)/7LA3/F(29)/7(AG/R(31),RhE(3))/7¢4AS/
(1 BR1(31),PI(29)/72ZAB/ON(30)

Su DIMENSIUN NF(29),x(29)

60C

70C CARD =) AKRAY CHOICE, INPUTe

8uC je=FOK SCHLUMBENGER,

90C 2=oFOR wWENNER,

100C JeeFOR BIPOLEBIPOLE,

110C CARD 32 SPAC,E,MyNN,RMSC (FORMATeFREE)

120C 8PAC # CLOSEST A UR 8 SPACING (REAL)

130C E = NUMBER OF MODEL LAYERS (INTEGER)

140C M & NUMBER OF FIELD READINGS (INTEGEW)

150C NN 8 NUMBER OF PIXED PARAMETES (INTEGER)

160C RMSC = RMS PERCENT ERROR CUTOFF (REAL)

170C CARD =2A ENTER ONLY FUR bIPOLEeBIPULEL AKKRAY, INPUTe

180C {ee]f NevALUES AKE VARIED,

190C Oe=]IF AeSPACINGS ARE VAR]ED,

€00C CARD ®2B ENTER OMLY FUR BIPULE~BIPOLE, IF VALUE ENTEKED IN €A wASe
210C 1==INPUT NeVALUES (TOTAL M) IN INCREASING ORDER (FURMATerkEE)
220C 0eeINPUT ONE NevALUE, (NgNE,L1)

230C CARD =3 SKIP IF § wAS ENTERED UGN CARD =2A,INPUTe

240C jealf FIELD RELADINGS ARE PLRFECTLY LOGARITHMICL ,

250C Qoo THERW]SE,

260C CARD =m3A ENTER UNLY IF U WAS ENTERED ON CARD =3,

270C INPUT A UR S«SPACINGY, (TUYAL ¥, FURMAT®FREL)

280C (ENTER EXTRA CARDS IF NELESSARY,)

290C CARD =4 EMTER FICLD APPARENT KESISTIVITY VALUES,

300C (FORMATeFREE, ENTER EXTWA CARDS JF NECESSARY,)

310C CARD ®5, ENTEWK LAYER PARAMETEKRS, (TCTAL ¢2t=}l, FORMATeFKREEL)

$20C URDERo® M{1),M(2)sqgasM(Eel) ,m{L)pR(2) g qqe%(L)

330C CARL & ENTER PIXED PARAMETER NUMBERS (SKIP JF nNNSO),

340C SAME UKDER AS CARDL =5,

350C 1eEy FOR UdoLAYER MOULLwe [F n(3> AND R(2) FIXtD, ENTEW 3¢5
360C L '3 " ” * " " " " t " " » " " [y .
370C KEREAT FUW ADUITIONAL MODELS,

3ps0C

385 CALL FXOPT(89,1,1,0)
390 S FORMAT(V)

400 DELX & ALOG(1U,)/e,
410 3000 REAC S,INDEX

420 LF (INDEX,LE,0) STOP
450 READ SsSPAC,E M NN,RMSC
44v IF(INDEX®2) 12,1240

45u o READ S, 1x

4oy IF(IXetUel) GC TO 9

470 Jst

4B 6D 10 1}

499 9 JeM

500 11 REAC S, (SN(1),1=1,J)
Siv GO 70 %12

5290 1 Ixsel
S30 9532 Nsm2ate}

Cl

®
1

Abaide A3 4

PP




1

-y
. . -4‘

540
950
Se0
ST9
S80
$90
600
0310

020
630
640

[ %0
] 060
610
680
690
700
710
720
730
740
750
700
770
1 780
j 790
' 800
810
820
830
840
850
860
870
880
8¢
900
90
92v
930
940

. 950
900
L 970

L 980
i 990
! 1000
: 1010
£ 1020
: 1030

: 10640
1050

———— Coigee s

aze” |

1070
1080

1000C

RESINY

13
14

41
4e

43
44

45
4o

47
48

49
50
51
52
53

60

70

80

90
95
100

110
ie0

1113 fegd2ine  05/20/02

SPACEALDG(SPAC)
IF(IXeEUW,el) GU 1O 13
READ 5, INOX}

IF{INDXY EUyl) LU TU 13
CALL SPLINE(M)

Gu 10 14

READ S, (R2(I),13},M)
READ S, (P(L),131,N)
IF(NN,LE,0) GU TO 4y
READ 5y (NF(1),I81,NN)
PRINT 42

FORMAT(//" RESISTIVITY INVEHSION PROGRAM®)

IFCINDEX®2)4S,4%,47
PRINT 44
FORWAT (/" SCHLUMBERGER ARRAY"/)
G0 70 %2
PRINT 4o
FORMAT (/" WENNER ARRAYW/)
GU 7O S2
PRINTY 48
FURMAT(/" BIPOLE=BIPOLE ARRAY"/)
IF(IX,NE,1) GU TO 50
SPSEXP(SPAC)
PRINT 49,8P
FORMAT(/5X"BIPOLE A=SPACING ®"F6,2/)
GO 10 52
PRINT 53,SN(1)
FONPAT(/SX'BIPOLE NoSPACING 3"F6,2/)
13m0
usig,0
vel,5
ItMax = 1S
JMAXBLS
KimgQ
Jiszg
IF CINDEX®2) 70,80,80
CaLL SCHLUM(K})
6O T0 300
CALL WENBIP (K], INDEX)
IF (NNLLE,LO) GO TU 100
DO 65 1:3,NN
KSNF (1)
DU 90 Je),m
W(JsK)=0
CONTINULE
00 120 1si,m
R(l)su(I,nel)
RICIIZALUG(R2(I)/R(1))
DO 110 Jsi,N
Gll,Jd)sW(I,JI/R(I)
CONTINUE
IFP(11,67,0) GO TU 170

COMPUTE SUM UF SUUARES,

PHIBY
DU 130 J=i,m

c2

FILE PAGE NG,

2

VU S W U T Y

"

PN

e e




""'er

Ty

(Rt At she sy an o o

RESINY

1090
1100¢C
111v
1120
1130
1140
1150
1360
1170C
1180
119¢
1200
1210
1220
1230
1240C
125%0
1260
1270
12860
1890
1300
1310
1320
1330
1340
13%0
1300
1370C
1580
1390
1400
1610
j1420C
j1u3)
1460
1650
16460
1470
1480
1490C
150C
1530C
1520
1530
1S40
1550
1500
1570
1580
1590
1600
1010
1020C
1030

CONT Jat42tda  Obrs¢os82

140 Prlaprlexi (1)ski(])
CUMPUTEL NMS PERCENT ERK(OK,
RMSEY
00 140 =31,
140 RuSaumSe(len(1)/R2(1))e(1on(l)/RelL))
RM§8100,8SQRT(RMS/M)
CALL OUTPLY
IF(HMS,LE,RMSC) GO TU 31000
COMPUTE INITIAL EPSILON,
ElsO
D0 1060 l=1,~
DU 150 Jai,N

150 TSRS PR LTI 1))
100  CONTINUE
E1SSORT(EL/(M*N))

ORTHOGONAL FACTORIZATION,
170 CALL ORFAC)
180 CALL OKFAC2(E})
CALL BACKSUSB
IF(NNGLE,0) 60 TU 200
DO 190 Isi,NN
JeNF (1)
190 Pi(J)=0
200 00 210 18l N
X{1)sP(])
P(I)SP(])*PL(])
210 IF(P(}),LE,0) P(1)20,001
Alsl
COMPUTE Mk» MODEL APPARENT RESISTIVITILS,
15 (INCEXw2) 220,230,250
220 CALL SChHLUM(KY)
GO TO 250
230 CALL WENBIF(R1,INDEX)
COMPUTE NEm SUM OF SGUARES,
250 PHIis0
CU 260 Isi,™
R(I)SQ(I,N"1)
IP(R(1) LR U) R{1D)B0,001
ABALOG(R2(1)/n(1))
260 PHI{SPr]ieAnA
COMPARE NEw AND ULD SU™ OF SQUAKLS,
1F(PHI1,LT,PF]) GU TU 20
INCREASE EPSILOM,
DL 275 1si,n
275 P(1)sX(])
tlavatk}
JisJiey
1P (J3,LT,JMAR) GU TU 180
nRITE(2,277)

277 FORMAT (/7% JIBIMAXR, , (TRIAL MLUEL w#ILL NUT LUAVERLE,"/)

CALL OuTPUT
G0 TU 1000

280 PrisPM]}

COMPUTE ®MS PENLENT EWKOR,
RM§Ey

c3

PILt PAGL NU,

.
a4 o

e

Fee
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o B 2 2 2 ga

L4l

RESINY

o4l
1050
1000
1670
1660
1090
1700C
1710
1720
1750
1740
1750
1700
1770
17680
1790
1800
1810
1820
1830
1840
1890
1800
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2000
2uv70
2000
2090
2100
2310
2120
2150
2140
2150
2160
217u
2180

aso

co

300
310
320

20

30

10

20
50

CONT 14sd2144  05/¢20/82 tilt PAGE NG, L}

DU 290 1=y,

RMIERMS s (Jor(])/R2(I)Ia(1en(])/KE(]))

HMSBLO00, oJURT (RME/M)

Jlslyey

IF(RMS,LE,RMSL) GU TO 320

IFCIL,6E,1MAX) LU TO 320
MPUTE NE» EPSILUN,

1F(J1) 300,300,510

Elstl/y

60 TU 60

CALL QuTPUY

GO T0 1000

END

SUBROUTINE SCHLUM(K])

INTEGER ¢

COMMON/ 217k ,#y)N/722/DELK,SPAC

COMMUN/ZAL/ZGW(05,30)7ZA3/P (29)

DIMENSION FLTIN(29)

DATA(FLTR (1),1%1,29)7/,00040296,0,0010907,,0017122,%,0020687,
E,oo“boub.-.OOlltlb'.015995..017065..096105..219105,64722.1 lalb.
& M7019,-3.Slb.2 T148,03,201,,4544,, l9“£1..097364,-.050099,.05!729
"' 0191090.011050,-.00715“0;.000“0“&,-.002715,.0016749,-.00l0$35,
l,ouoaoszal

YSSPACe19,+DELXn0,330069

DO 20 I=},me29

CALL TRANSEM(Y,],K1)
YaYeDELX

Jsi

IF(K1,6T,0) JaNe}

DO 30 [3JyNe}

CaLL FILTER(FLTK,29,1)

RETURN

ENC

SUBRUUTINE wENBIP (KT, INDEX)

INYEGER ¢

COMMOUN/ZLI/ZE M yN/722/70LLX)SPAC/LS/IX

COMMUN/ZAL/W(0OY,50)/72A8/P(2Y)7LA0/75N(580)

DIVENSIUN FLTIR(34),T(05)

DATA(FLTIK (1), I=l:30)/.000258935,.00011557..0001703“..0002“*55,
%,00036005,,00053753,,0007890,,0011584,,0017006,,0024959,,003004,
§,0053773,,007893,,011583,,010996,,024984,,036595,,u53507,,0781¢1,
8,11319,,10192,,22305,,28821,4302706,,15523,9,32020,%,53557,,21787,
a-.ioe,.ususvu.-.0157a7.,oossvux,-,ovcluao,.OUUcobxes/

$S3AL0G(2,)

IF (INDERa2) 10,10,00
YBSPACe10,8792495-DEL X
DO 55 121,Me33

CALL THANSFM(Y,1,K1)
I+ (K1,6T,0) GO TO 30
DO 20 JB}l,N
T(J)zu(l,J)
TINGL)BGU(LpNeY)
Yisye$
CALL THANSFM(Y]},l1,K1)
IP(RLauT,0) LU TO S0

o

Py

T



P —— .y T — TT— — ——— o

t _.-.... j

RESINY CONT 14t4etau  US/20/82 FILE PAGE NO, S 4

& ]

219G DO WU Jsy,A {

H 2200 4o Wi, Jd)32,e7(J)eQ(1,J) 1B
< 22 50 BCLoN®L)ZE kT (NGL)OU (]I, ,Ne])

eeev 55 ymyeDELX

2230 GO TU 160

224y 60 Mig}

2450 IF(IX,NEel) GU TO TV

2200 MisM B
22790 ME§ ]
2aso 70 DU 150 Isi,m) N
2290 YSSPAC®10,8792495«DELX

2300 ABSN(]) o
2310 B2i, ]
2320 IP(A,LT,1,) BEAwnAcar], ,
2330 AlZAYS(Ae])

2340 S1SALOG(AL)

2350 IFCA,LT,1,) YEYeALUG(A) -
2300 S2mALOG(A) 3
2370 §3s5ALOG(ACL,)

2380 DU 340 J3i,Me33

2390 YIsYeS)

2400 CALL TRANSFM(YL,J,X1)

240 IF(K1,6T7,0) GO TO 90 . Co
2420 DO 80 K=} ,N : J
2430 40 T(R)SA(J,K)/AL . k
2440 90 TINGLISL(J)Ne1) /AL . Y J
2450 vizveSe '

24060 CALL TRANSPM(YL,J,K3)

2470 IF(X1,6T,0) GO TO 110

2480 DU 100 RE§,N

2490 100 T(K)ZT(R)m24Rd(J,K)/A

2500 110 TINGLIET (N )@@, 06 (JsN*1)/A

2510 YisYeS3

2520 CALL THANSEM(Yi,J,K1) . ® !
2530 IF (K1 LT,0) bu TU 130

2540 DU 120 rzl, Do ]
2550 120 G(JeM)R(T(R)QU(J ")/ (Asl,))rAn(Ae], )wa]1/(2,nH) :

200 130 WCJpNOLIS(TINGL) QLI N®L)/(Ael ) nAn(As]l )0AL/(2y0D)

2970 140 vysYeDELX 4
2960 IF(IX,NE,1) LO TO 150 3
259y Jaf ) b
2000 IF(“I.GT.O, J'N.‘ : 1
2e10 DU 145 KEZJoNel ®
2020 CALL FILTER(FLTR,34,K) ' ]
2050 145 Y(1¢34,K)Bu(1,n) 1
2040 150 CONTINUE 4
2650 IF(IXgNEol) GO TU 180 i
26060 MEN]

2670 DO 154 ]si,™

2680 IP(KR3,GT,0) GG TO 1%4

2090 PO 192 J31,N ®
2700 1% G(Il,d)Bu(]e3d,J) - 1
2710 154 W(loN®1)2L(1o3U,NeY) :
2rav 60 TU 180

dT30  Jo0 ymy

c5 - i




e

Y

RESINYV

2740
27150
2700
riad'
2780
2790
2800
28310
2820
2830
2840
2650
2800
2870
2880
2890
2900
2910
2920
2930
2940
2950
2900
2970
2980
2990
3000
3010
3020
3030
304v
3050
Joe0
3070
3080
3090
3100
3110
3120
3130
3140
3150
31060
3170
3180
3190
3Jeov
3210
3220
3¢30
J240
32%0
3200
3270
3280

17
1680

20
30

10
20

50

CONT jUtu2t64  05/20/82 FILE PAGE NU, ]

1P (K1,GT,0) JaNey
DO 170 1sJ,Ned
CALL FLILYERCFLTR,34,1)
RETURN
END
SUBROUTINE TRANSEM(Y,],nk})
INTEGER £
COMMUN/ZZL/ZE ¥ N
COMMON/ZAL/ZU(E5,30)7ZA3/P(29)
DIMENSION T(15)
Usy,/EXP(Y)
T(1)=P(N)
IF(K1eLELO) G(l,N)mY,
DO 30 Jme,t
AREXP (w2 aUsk (Lele)))
Be(1,0A)/(l,¢A)
RSBP (Nelwy)
TPRSRS«B
T(JIIS(TPReT(Je1) )/ (,¢TPRAT(Jol)/ (RSRRS))
IF(N},6T,0) GU TO 30
CeT(Jel)/RS
Dm(} oBnC)n(l,+82C)
Q(I Neloy)a(ba(l oCaC)e2,MBrT(Jo))n(T(Je]l)¢TPR)/(RDARE))/D
GCLoEolud)S( (U gnUnREAA Z((1,0A)8 (1 ,0A)))e(1,eCeC))/D
AAS (] ,sHe8)/D
DU 20 K=(E+2eJ),E
IF(K,GE,£) GO TO 20
Ul R)SU(I,K)nAA
Ul xebol)BQ(],KeEmi)nAA
CUNTINUE
Q(IsN®1)BT (L)
RETURN
END
SURROUTINE FILTER(FLTR,K,L)
INTEGER E
COMMON/ZZL/E My N
COMMON/ZAL/G(65,30)
DIVMENSION RES(31),FLYR(K)
DO 20 1=,
RgsQ
DO 10 Js},Kx
REFLTR(J)el(]loKad,i)
KESBRE ¢k
RES(l)aktE
DU 30 Iml,m™
W(l.L)BRES (],
WETURN
ENC
SUBRUUTINE OURFACY
INTEGEKR €
COVMON/21/7E oM, N/Z3/ND
CUMMUN/2AL/W(05,30)
N3sh
IF (".ﬁn.N) N3laNe}
DO 60 Je®}i,N3

cé

e aA

p

Acmisdobnadatdian

Araasas .4
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RES1INY

3290
3300
3310
3320
3330
3840
3350
3300
3370
3380
3390
3400
3410
3420
3430
3440
34S0
3600
3470
3480
3490
3%00
35310
3520
3830
3S40
3550
3%e0
3870
3%80
3590
$600
3010
3o20
3630
3040
Jo50
Joo0
3070
3080
3690
3700
3710
3720
3730
3740
371%0
3700
3770
3780
3790
3800
3st0
kT T
3830

10

30

40
50
60

10
20

30

L]

S0

60
70
.1}

CUNTY Jagudd v9/20/82

Ies]e)

$3s0

DU 10 Jsl,™
S$38334UCJ,1)00(CJ,1)

1P (S3,£Q,0) GU TU o0

S3SSART(S3)

1P (UCL,1),GT7,0) SS3e83

SuB) /SURT(2,%830(83e0(1,1)))

00 20 Jml2,™
GlJpl)meduny(d,l)

(Mol ,])aS4n(Simd(],1))

Wil 1) s 93

1F (1,EU,N) GO TO 60

DU 30 Jml2,n
$18Q(loJ)eu(mel, )
DO 50 KzJg,m™

$1e310G(K,J)0u(K,])

Sineg, e8]

QUlsJ)Bu(lsJd)eSLou(rel,])

DO 40 KmI2yM

UK J)EU(K,J) oS nli(n,])

CONTINUE
CONTINUE
RETURN
ENG
SUBROUTINE ORPAC2(EL)
INTEGER E
COMMON/ZL/E M

COMMUN/ZAL/G(65,30)/72A2/7Q1(52,30)

D0 80 Isi,N
J2a]ey
IF(l,tWyn) GO TO 20
DO 10 Jslg,N
Gi(loJda0
Q1(1,1)sE}
833U (1,1)8u(],1)
0O 30 Js=i,l
83853+G1(J,lderUlitde])
$38SCRT(83)
IF(UCI,1),GT,0) S3me53

548],/8URT(2,4838(83eu(1,1)))

BI(Ne2,1)8Sur(83e0u(],1))

DU 40 J=1,]
Qi(Jol)sebuaul(J,])

W1(l12,1)883

IF(1,LQG,N) LO TO 8¢

0D 70 JsI2,~
S18U(l,J)eUl(Ne2,]1)
DO S0 k=y,]

S1E51¢ULI(K,)J)n0i(R,])

sl.-‘.‘bl
DU 60 xs),]

QI (R J)BUL(KRypJ)eS10Ll(X,])
Gi(Jel,lluuClod)eSindl(Neg,])

CONTINULE

c7
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X
RESINY CUNT lushsuy  09/7¢0/82 FlLt PALE NO, [
t! 38uo HETURN R 3B
! 3850 END 4
kY- TY] SUBRUUTINE vACAKSUD .
3870 INTEGER T
3880 COMMUN/ZZI/ZE Py N/ T3/ND
3890 CUMMON/ZAL/W(05,30)/72A2/763(3¢,30)/72A5/K1(3})),P1(29)
3900 DIMENSICN C(60)
3910C CALCULATE C1,Ce, j
3920 00 10 l=i,~ T e
3930 10 CCI)SR1(])
3940 D0 40 Isi,M3
3950 S18C(l)el(™el,])
3960 DD 20 Jsley,~
3970 290 §1851¢C(J)*G(J, 1)
3980 Siseg,n§}
3990 C(L) 2C(])eS1e0(Me],])
4000 00 30 Jslel,™ Y ¥
4010 30 CCJISC(J)eS10U(J, 1)

4020 4o CONTINUE -
4030C CALCULATE C3,C2,C4, ' o

40640 DO 50 Is§,N
4050 50 C(Mel)s0
4000 DU 80 I=f,N
4070 S18G1(Ne2,]1)nC(])
4080 DU &0 Jsi,l . . 4
4090 60 S1851¢C(MeJd)aGl(Jd,1)
4100 Sise2, 951
4110 C(I)sC(l)eS1eli(Ne2,y])
4120 0L 70 Jsi,1l
4130 70 C(MeJ)SC(MeJ)eSiaCi(Jd,l)
4140 ) CUNTINUL
4150C CALCULATE CELTAeP,
4160 OU &5 Isi,n R
4170 8% P1(¢I)%0 L
4360 PI(N)IBCIN)I/ZUY vl ,N) LT
4190 PL(Nel)B(C(Nel )Gl (o) yNo] )aPLIN))/CL(NIN=L) v
4200 00 100 I33,n ; ]
4erc JesNel el L b
422y SisQ . ]
4230 CO 90 KsJel,N ‘
424v 9 S1E51+G1(ne3,J)ePL (K,
4250 100 PL{J)B(C(J)e51)7Ul(Jel,J) ®
4éoy RETUHN : -j
4erc ENG N
(T4 1 SUBROUTINE QUTPUT ]
4evo INTEGE® E 1
4300 DIMENSION $2(30V),C(100),852(1u0),53(100) :
4830 CONMUNZZI/ZE ® pN/7L2/7DELA,)SPAL/Za/] 1 o N™S,RMSC/Z5/In
4320 CUWMUN/ZZAU/N(31) M2(31)/2A3/F (29)/7200/75N(50)
4325 I PURNAT(V) [
4330 PRINT 100,58 - 1
G840 100 PURMAT(///® 1TLRATION NQ,",1X,12/77) S
4350 PHINT 20U
4309 €0 PURMAT("LAYEN "G, "y0X, "THICHNESS",3X,™ RESISTIVITY",5X,
4870 NIMTHILRORES,3X 9NTHILK/RES/) .
[
. 1
c8 - 1
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1

Y

YT

" s

wrey

RESINY CONT J0342868 0S/720/782 FILE PAGE NU,
4380 DU 40 Imi,Ee}
4390 Jel
4400 DisP(])eP(l¢Ewm})
4410 DEsP(1)/P(1¢ke})
4420 PHINT 30,J,P(1),P leEel),01,02
4430 30 FORMAT(UXp12,12X)F0,2,5X F83,8X,P8,3,4X,F8,3/)
4440 40 CONTINUE
4450 PRINT 50, E,P(N)
4400 S0 FPURMAT(UX,]2,23Xx,F8,3/7)
4470 IF(IXeNEyl) GO TU Se
4480 PRINT 53
4490 S3 FORMAT(Z718X,"N",0X,"MODEL RMO™,3X,"FILLD KHO"//)
4300 60 TO 75
4510 56 xsSPAC
4520 DO 60 I3i,M
4530 SN(I)SEXP(X)
4540 60 Xsx¢DELX
4580 PRINT 70
4560 70 FPORMAT(/Z18X,"SPACING™,3X,"M0DEL RHO",3X,“FIELD RNO"//)
4370 75 DO 90 I=mi,M
4380 PRINT B0,3N(1))RC(I) R2(])
4590 80 'OR"‘T(‘ak.‘ﬂ.3.315F5.5'3X9F5|3)
4000 90 CONTINUE
4e30 PRINT 110,An$
4020 110 FORMAT(//710X,"RMS ENROR s ,F8,3////)
'TT3) PRINT, "PLOY INITIAL MODEL OR BEST FIT FINAL POD;L'
4023 CALL PLUTR2(SN,R,M)
4624 PRINT, "DO YUU wANT YO PLODY THE FIELD DATA YES(1)} NO(2)"
4025 REAC 1, 111
4020 IF(3I1,EU,2) GO TO 120
4027 CALL PLOT2(SNyR20M)
4628 120 CONYINUE
4630 "RETURN
4040 END
4650 SUBRUUTINE SPLINE (M)
4000 COMMON/L2/DELX ) SPAC
4670 COMMUN/ZAUW/R{31),R2(31)
4080 DIMENSION B(30),C(30),DELY(30),DELSGLY(30),M(30),m2(350)
4990 DIMENSION $2(30),53¢30),552(33),7(31),X(31),Y(31)
4700 NEBp
4710 READ 1,)(X(1),1m1,N)
4720 1 FORMAT(V)
4730 DU 150 18] ,N
47640 150 Xx(I)sALOG(X(I))
4750 READ 1,(Y(I),1I81,N)
47060 sPaCsx(1)
4770 MEBINT((X(M)eSPAC)/DELX) e}
4780 ASSPAC
4790 DU 300 1=m),m
4800 T(1)sA
4810 300 AmaAeDELX
482y EPSLNE, 00001
4830 NisNel
“8do D0 S1 Isi, Mg
4850 HWi1)mX(Ie1)ex(l)
Cc9
@ o o o [ [ o [ L @

ARl S et §

e

A e e




e AR

T TO

RESINV

4860
a870
4860
4890
4900
4910
4920
4930
4940
4950
4900
4970
4960
4990
$000
5010
5020
5030
Souo
5050
5000
$070
5080
$090
$100
S130
5120
5130
S140
5150
S160
%170
5180
5190
$200
S210
5220
$230
Sauo
5250

51

CONT fagd2rud 05720/82 FILt PAGE NU, 10

DELY(L)S(Y(]*1)=Y(]))/N (L)

DO 92 1s2,N|)

H2(l)an(leldon(])
B(I)BSoH(Iml)/HE(])
DELBUY(I)B(DELY(I)eDELY(Im1))/H2(1)
82¢l)me,a0kLSUY(])

52 C(1)83,*0ELSUY(])

14
53

sa(li)eo,
S2(N)u0,
OMEGA®R] , 0737968
ETas),
00 10 ls32,N}
wO(C(1)eB(l)aS2(lwl)e( ,Seti(]))nS2(141)082(]))a0MELA
IF(ABS(w)eETA) $0,10,9
ETABABS (W)
32(1)m82(1)ew
IF(ETAREPILN)LG,S5,5
D0 S3 Jaj,N}
S3(1)m(82(I+1)e82(]))/N(1)
00 o1 Juj,M
ja}
IF(T(J)eX(1))568,17,5%

$S IF(T(J)=X(N)) 57,59,58

Seo
$7

58
('

59

60
17

o}

IFCT(J)oX(I)) 00,17,57
18l
60 TO Se
NRITE(2,44) J
FORMAT(I3,"TH ARGUMENT OUT OF RANGE")
60 TO ot
18N
Isle}
HTieT(J)eX(])
MT28T(J)ek(lel)
PRODsKHTIsHT2
SS2(J)BS2(1)eMT1083(1)
DELSGSI(SZ(1)082(10I)OSSZ(JJ)/O-
R2(J)BY(I)eMTLADELY (1) ¢ePRUD®DELSWLS
CONTINUE

RETURN

END

C10

prn




N RECDES

— rrvvvr

20
30
4o
So
60

70
‘! 80
%0
100
< 110
120

130¢
160

: 150
‘ 160
2 170
4 180
" 190
£ 200
3 210
220
: 230
Ty 240
¥ 2%0
260
270
F{1'
290
300
. 310

320
; 330

340
3%0
360
370
380
390C

400
410
420

. 430
‘ 4490
450
400
470
480
490
1 S00
S10
920
530
S40
550

P

RESDAT

0

100

110
100

1000
120

130

140

150
160
170
180

190

2000
2000
200

210
220

APPENDIX D: RESDAT LISTING

143401 1 0%/20/82 FILE PALE Ny, )

1008 RUN #pNoSDWUL/PLOTS,E I ROGHLESUG/WESINVS,E

CHARACTER®72 PUS

IMENSION X(300),R(100),RA(300),ASP{30U),RABU(]100)
DIMENSION CP(100),5(100),RIMV(100)

REal LLoLC100)
PRINT 100
FORMAT(*INPUT SURVEY TYPEeele wENNER PROFILINGS2e SCHLUMBERGLENM
& PROFILING; 3= wENNER SOUNDINGS 4o SCHLUMBERGEK SOUNDING)
5« POLEe DIPOLE®)

READ 110,1

FURMAT (V)

GO TO (1000,2000,3000,4000,5000),1

0 WENNER PROFILING SURVEY

PRINT 120

FORMAT(*AeSPACINGEINUMBER OF POINTSS?)

READ 110,A,N

PRINTY 130

FURMAT(?INPUT PROFJILE COURDINATE,RESISTANCE PAINSeoX], Ry X2/K2)q4y")
READ 110,(XC1),R(1))IB1,N)

PRINT 140

FURMAT(?]16 FACTOR 2P1 INCLUDED IN RESISTANCE DATA YES(1),NUL2)")
READI10,1P]

IF(IP1,EQ,1)F8}1,0

1P (IP1,EQ,2)FB80,28319

DO 150 1si,N

RACLIISFaR(])nA

PRINT 160,A

FORMAT(PwENNER PROFILE=wsAR’,F0,1//)

PRINT $70

FORMAT (20X, "X%, 10X, "KKRO")

PRINT J80,(X(1),kA(L) 183 ,N)
FORH"'(‘sX'Flo.“.Flo.“,

CALL PLOT2(X,HA,)N)

PRINT 190

FURMAT("ANOTHER PROFILE YES(1) NO(2)")

READ 110,11

IF(I1,EQ,1)G0TULOLO

IF(11.,EG,2)60TUGOLO

SCHLUMBERGEN PROFILING SURVEY

PRINT 200

FORMAT("BeSPACINGEsLeSPACINLEINUMBER UF PUINTSE M)
READ 3130,SS,LL/N

PRINT 130

READ 130,(XC1)aR(1),1B1,N)

PRINT 140

READ 110, 1Pl

IF(IPL,LU,))F80,5

IF(IPLEC,2)F88,141599

DO 210 Isi,N

RA(I)SFeR(I)aSSn((LL/SS)ee2 » 0,29)

PRINT 220,8S,LL

FORMAT("SCHLUMBERGER PROFILE=~L2",Fe8,1,"388",t0,1//)
PHINT 170

PRINT 180,(X(1),RA(L),Lm8,N)

CALL PLOT2(XyNAyN)

D1

4




v

-

560
570
S80
$90
600C
o1V
[ Y1V}
630
= 040
‘! 650
0060
670
680
690
g 700
- 710
¢ 720
1 130
] 740
750
Te0
770
780
3 790
3 800
' 810
1 820
830
8ug
%0
800
870
6860
890
00
910
920
9350

990
960

. soasmees
<°
-~
©

-
o
w
<

AT

3000
3000
230
e4o

260

270

280

290
300
3510

313
315

57
318

32%
3o

31
320

CONT 143408 1 05/20/82 FILE PALE nO, 2

PRINT 190

READ 130,11

IF(11,8G,1)6G0OTO 2000

IF(11,k6,2)60TU 6000

WENNER SOUNDING SURVEY

PHINTY 230

FURMAT ("INPUT SOUNDING LOCATION INFORMATION,LP TO 72 (MARACPTERS")
READ 240, POS

FORMAT(ATZ)

PRINT @200

FORMAT("INPUT NUMBER OF DATA POINTS™)
READ 110,N

PRINY 270

FORMAT("INPUT A@SPACING,RESISTANCE PAIRS==Af ,R1,A2)K2rg¢,4")
READ 130,CASP{I),R(1),18},N)

PRINT 340

READ 110,1P1

IF(IP1,EQ L )FB},0
IF(IPI,kG,2)Fm0,28319

DU 280 Jsi,N

RA(I)® FeASP(l)%R(])

PRINT 290, PQS

FORMAT(“wENNER SOUNDING®//AT7¢//)
PRINT 300

FURMAT(IOX, AR ,8X,"RMU")

PRINT 310,(ASP(1),RAC]I) )181,N)

FORMAT(IOX,F10,4,F10,4)

PRINT, 70U YOU WANT LINEAR(TYPE 1) OR LOGwLOGL(TYPE 2) PLUTS’
READ 110,]11%

1F(111,6G,2) GU TO 313

CALL PLOT2(ASP,RA,N)

GO 10 315

CALL PLOTLL(ASP,RA,N)

PRINT,PD0O YOU WANT A CUMULATIVE Sum PLUT YES(}1),N0(2)°
READ 110, KK

IF({kK,EQ,2) GO TU 339

RASUM(1)BRAC(L)

DO 317 le2,N

RASUM(L)ESRASUM(e]l)¢RA(])

CONTINUE

PRINT 318,RASUM(N)

FORVMAT(’MAX, CUMULATIVE RESISTIVITY VALUE 8 °,F8,2)
PRINT ) *PLOT CUMULATIVE RESESTIVITY VS, AsSPACING DATAY
CALL PLOTR2(ASP,RASUM,N)

PRINT,?DO YOU WANT AN INVERSE RESISTIVITY PLCT vtS(l)'NU(Z):
READ 11V,KKK

IF (KKK ,EQG,2) GO TU 319

DO 32% 1=1,N

RINVEL)EL /7 (Fak(]))

PRINT 3106, KINV(N)

FUORMAT(//°MAX, VALUE OF JINVERSE RESISTIVITY ® *,F{0,0//)
CALL PLOT2(ASP,RINV,N)

PRINT 320

FORMAT("D0 YOU wI8H TO INTERPHRET DATA YES(1), NO(2)")
READ 310,44

D2

PN

o




s RESDAY CONT 14408 1 05/20/82 F1LE PAGE NU, 3
1110 IF(JJ,EQ,2) GO Tu ov00
1120 INDE B2
1130 SPARASP (1)
1140 INDXEO
1150 CALL RESINVS(ASF,HA,N, INDE,SPA,INDX)
1160 PRINT 330
3170 330 FORMAT(’ANOCTHER SOUNDING YES(1), MUC2)")
1180 READ 110,JJ
1190 IF(JJ,EU,1) GO TO $000
1200 IF(JJ.EG,2) GU TO oBUOO
1210C 4000 SCHLUMBERGER SOUNDING
1220 4000 PRINT 230
1230 READ 240,P0S
1240 PRINT 140
1290 READ 110, 1PI
1260 1P (IP1,EG,1) Fe0,5
1270 IF(IPl.LW,2) F83,14159
1280 4010 PRINT w020
1290 4020 FORMAT(*INPUT NO, OF DATA PUINTS?)
1300 READ $10, N
1310 PRINT 4030
1320 4030 FORMAT(?INPUT SeSPACING, LeSPACING, KESISTANCE DATA®)
1330 READ 110,(SCI)sLCL),R(L), 18I,N)
1340 DU 4040 lsi,N
1350 4040 RA(IISFaR(IIAS(IINCCLCI)/S(1)Inn2 @ 0,2%)
1360 PRINT 404S, PGS
1370 404S FORMAT(///7*SCHMLUMBERGER SOUNDING*//AY2//)
1380 PRINT 4050
1390 4050 FUORMAT(20X,"8",5X,".",10X, "RHO")
1400 PRINT 4u00,(SC(I),L(1)sRALTI), 131,N)
1410 4000 FURMAT(16X,F5,1,2X,Fb,1,6X,F10,4)
1420 PRINT,“C0 YUU WANT T0 PLOT APPARENT RESISTIVITY VS, LeSPACING?
1430 PRINT,TLINEARCTYPE 1) UR LOGeLOG(TYPE 2)°
1440 READ 110, NNN
1450 IF(NNNGEU,2) GU TO 4065
fue0 CALL PLUT2(L,RA,N)
16470 GO 7O 40o7
1480 4065 CALL PLUTLLIL)RASN)
1490 4067 PRINT,°DO YOU wANT TU INTERPRET DATA YES(1),NO(2)em=e
1500 & IF SU, UNMLY ONE SevALUE SHOULD BE IN DATA UR THERE SHOULD
1510 % Be NU JUMPS In Tmk SQUNDIANG LURVE®
1%20 READ 110, 111
1530 IF(II1,EU,Y) LO TD 4OBO
1500 4070 PRINTY, *DO YUU wANT TU INPUT DATA FUR ANOTHER SUUNDING®
1550 READ 110,JJJ
1560 IF(JJJGEQ,1) GU TU 400V
1970 GU TU o000
1980 4080 CUNTINUE
1990 INpOLEL
1000 SPasL(})
1610 INDXBO
1620 CALL NESINVS(L,RA,N,INDE,SPA,INDX)
1030 GU TO @070
1040 5000 CUNTINUE
1050C PULL=DIPOLE SURVEY
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RESDAT CONnT 148408 1 0%/20/82 FILE PAGE NU, “
‘ 1660 PRINT 5010
1070 S010 FORMAT('PULESDIPOLE CURRENY STATION/PROFILE DINECTIUN INFURFAT UM
1680 & UP TU 72 CHARACTERS®)
1690 REaAD 240, POS
1700 PRINT 140
1710 READ 110,IP1
1720 IF(IPL1,kU,l) Fs1,0
Ve 1730 IF(IPL kG, 2) Fme, 28319
1740 PRINT 5020
1750 5020 FORMAT(?INPUT POTENTIAL ELECTRODE SPACING AND NUMBEK CF
. 1760 & DATA VALUES?)
; 1770 READ 110,PP,N
f 1780 PRINT,"INPUTeoDISTANGE TO FIKST POYENTIAL ELECTRUDE, RESISTANCE
- 1790 & PAIRY"
16800 READ 110,(CP(1)sK(1)r181,N)
1840 PRINT,?POLE®D]IPOLE SURVEY®
: 1820 PRINT 5029, PUS
N 1830 %025 FORMAT(//A72/77)
. 1840 PRINT 5027
| 1850 %027 FORMAT(14X, CIP1,C1P27,10X%, RN0O*//)
L. 1860 DO S030 Isi,N
! 1870 RA(1)IB(FaCP(I)n(CP(L)¢PP)/PP)IaR(])
S 1880 PRINT 5040, CP(1),CP(I1)+PP,HACL)
b 1890 5030 CONTINUE
3 1900 50840 FORMAT(L10X,Fo,1,F0,1,5X,F10,4)
' 1910 PRINT, "PLOT APPARENT RESISTIVITY VERSUS X=eX AT MIDPOINTS
1920 & OF PPoLOCATIUONS"
1930 DO S050 Isi,N
1940 %050 X(J)=CP(1)¢PPs2
1950 CALL PLOTR(XoRA)N)
1 1960 PRINT,"DO YOU WANT TO INPUT ANUTHMEN UATA SET™
: 1970 READ 110,11
{ 1980 IF(11,EGU,1) GO TO S000
N 1990 1P (11.,kW,2) GU TU 6000
b 2000 0000 CONTINUE
N 2010 SToP
. 2020 END

e
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APPENDIX E: TIDES LISTING

$ 141238820 05/20/82 FILE PAGLE NG, 1

RUN #pROSDAUL/PLLTS,E

10C TMIS PROGNA™ COMPUTES Twi THEORBTICAL GRAVITY TIDE FOx ANY PUINY
20C Ch TrE S RPACE UF & RIGID EAATR AS A FUNCTIUN CF TI™E,
30C A COMPLIANCE FACTCR OF 1,15 wAS BEESN INCLULLD,
40C INPUT DATA ARE IN FREE PIELD FORMAT,,,
90C INPUT DATA ICENTIFIED bY COMMENTS JUST PRIUR Tu MEAD STATERENTS,
[.1'14
I! 05 CRARACTEHR w8XINPUT(Y)
70 CIMEANSIUN DAYPM(12),6{5000)
1 T2 REAL MINLTE(S000)
75 DaTa XINPUT(1)XINPUT(3)/in/ im0/
80 QOyYBLE PRECISION CDEGTR,CPINTYR,CSECTR,PJL,8C1,FCLI+nC))ANCE,S,",H,
90 GPL AN STOR, T, SMINP ,S2RP ,SPINN HMINDY ,SEINPE  SMINRE O], CHI 1 ALDUN,
- 100 GALPnA.ll.SXGHA,ALMDGMANG.,ARB?,ARGQ.A-IGIQ.Elotllntldotls,c,gl,
L‘ llg LAPRIME yAPRIMY yDISTES,DISTE~,DAYS),0AYS2,UAYS],DAYS4,0AaY55,0A58
11 LT T
120 COEGTRB{ 7453292519043 De2
130 CHINTRE2,90880206006094
140 CSECTREG ,BuB1 3081 Dwe
150 DATA C,C),£/73,24402D010,1,499013,,0%5490/
160 DATA AMU,APMOON,APSUN/O,T0L®8,T7,3587825,1,993E38/
t 170 OATA EL11,EJ2)813/1,067510u0e2,4,180005,1,200e7/
. 180 RAT]08,074804
\ 19 OmMEGAB2Y ,452¢CDEGTR
! 200 SmALLABO,37827L8
{ 240 Plaeo,283185307200
2%0 SCis1108413,200
260 PC18392515,9400
; 270 rC181290027068,13500
] 280 AnNCiBuB29)2,0300
313C INPUY NAME OF GUTPUT Data FILE
1 3es CALL ATTALN 4, XINPUT,8,C,,)
} 326  8U FORMAT (V)
328C INPUT NUMBER OF "I0E DATA SETSINCCMP) AND TIME INCREMENT(MM)
33¢0 READ 10, NCUMM, MM
kY11 DO 400 JJ=..NLCO™mP
350 PRINT 106, JJ
3S3C INPUT LATITUDE IN DEGHEES(SLATD) AND DECIMAL RINUTES(SLAT™) AND
JS4C SIMILARLY FOR LUNGITUDE (SLONGD,SLUNGM), INPUY ELEVATION IN
3SS5C METERS(SELEV), I“~2UT DATE IN MONYH(DATE™), DAY(DATEC, ANV
357C YEAR(DATEY), INPUT STARTING TIvPE IN RULN(TIMER) AND MINUTE(TINMLM)
358C GREENmICH TIwe,
3oV REAC 0, SLATD)SLATY, 8L NGDsSLONG» pSELEV)DATEM,DATED)DATEY, 1 ImEN
[ 370 Sotlvem
375C INPUT TeTAL NUMBER O TIME INCREMENTS TG BE CALCULATED(NTOTAL)
376C ThUS THE TOTAL LENGLTH UF TIUAL RECURD TC BE CALCULATEDEM® X NTUTAL
* 380 ReAC 10, MTOTAL
' 385 WRITE (4,5) NTUTAL
4 390 DOOO0 KKS),NTOTAL
400 IF(kmhyblyi) GO TU 7S
410 MINLTE(RK)SB»INUTE (KKa) )omm
420 DAYSSEMINUTE (KK)/ (24,900,)
1 430 60 10 380
{ 440 75 Davsesu,
;' 450 ALAMBDSSLATORCDEGTHOSLATFACPINTR
|
. El
o | ® | L L [ L ] L o o L _
4 . L
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Tioes

'] -1
470
480
490
500
510
520
S3uC
S40
550
$60
570
S80
S99
600
610
620
630
640
650
060
670
680
%0
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
Bou
870
880
890
900
910
920
93v
940
9%0
900
970
L 1-1']
999
1000

Ca

100
150

e00

Joo0
350

CONTY 14128120 05/20/8¢ FILE PAGE NU, e

ALONGESLONGD #SLONGM/00,

ELEvsSELEV®100,

MUNTHEDATEM

IDAYSDATED

IYEARSUATEY

IMOURSTIMEN

MINUTE(K® )STIMEM
LCULATE T (NUMBER OF JULIAN CENTURIES)

D‘T‘ D‘anlll.028.931.930.'31.530.'31.,51.,}0.,}1.,}0.,}1./
DO 100 I=1,}2

JSBMONTHe]

IF(J5,EQ,0) GO TO 150

DAYS2BDAYS2¢DAYPM(])

DAYS3ZIDAYe}

DAYS4BIMUURZ24,

DAYSSEMINUTE(KK)/i24,%00,)

DAYSISIYEARRIGS,

NYEARSIYEAR/4

SJUBIYEAR/U,oNYEAR

IF(5J,61,0) GO TU 200

IF(#ONTHe2) 300,300,200

DAYSOBNYEAR

G0 70 350

DAYSOBNYEAReY,

CONTINUE
STORBDAYSI4DAYSQeDAYSIGDAYSUDAYSS«DAYSOe,S
TeST10R/36525,
S8270,D0#COEGTR*26,DUNCMINTR#14,T2D0CSECTR® ((,0008DUNCSECTR T
$9,09002CSECTR)*T+15350,000P12¢8CI#CSECTR) T

P8334,00%COEGTR#19,DURCMINTR U0 BTCURCSECTHE(( (0 UASVO)LSECTIHeT

637 2U400#CSECTR) #1411 ,004P]12¢PCLoCSECTR) T
HE279,000CDEGTR®UL ,DORCMINTHOUE ,04DORCSECTR® (1 ,089D0#CSECTReI®
EHCIeCSECTR) Y

ANS2SQ DOCCDEGTR¢I0 DORCMINTRGST ,12002CSECTRe((,008DU«CSECTR"T
87 ,58D08CSECTR)#TaS,DURPI2eANCINCSECTN) T

PI828] qDUSCOLGTHeLI DORCMINTHSLIS DORCSECTHO((,012U0nCSECTR T
%1 ,03D04CSECTR)#T+0189,0300aCSECTR) T

EISplle(E124EL130T )T

ARGIE] 47 (1, 2,000738a(SINCALAMBD)n2))

CAPCSSURT(AKG])

KADJUSECAPCaSMALLASMELEY

APRIMES] ,/7({Cn(]l,=k%n2))

APRIMIEY ,/(Cin(l,ot1nn2)}))

SMInPEYeP

S2HpESegaHeP

SMIANMERSem

HMINPISHeP)

SMINP282,48MINP

SMINHEER ,#3M]INN

DISTEMa] ,/CoAPRIME#E ¢DCOS(SMINP ) e APKIMER(E*n2)aDCOS(SHINPE)
EP19aAPRIMENRATIUNESDCUS(S2NP) /8, +APRIMEN(RATIOwN2)ePCOS(SMINI2)
DISTES®] ,/C1¢APRIMIaL I aDCOS(NMINPY)

TZEHUSIMOUNSMINUTE (XK) /00,

SMALLTS(1S5,9(TLERUC12,) ALONG)aCDELTHR

CHIISSMALLT o




Ty

%W vvvv‘_r.ﬁ‘v T‘.rv T r

"Jv \aca A A am a4

T10ES

1010
1020
1030
1040
1050
1000
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1309
1306
1510
1520
1330
1540
1545
1350
135S
1300
1570
1580
1400
1410
1415
1420
1430

600

CALL
400
S
10
]
50
(1]
70
90
stoP
END

CONT 14328320 Ub/7206/82 PILE PAGLE NU, 3

ALSUNBH®2 ot {1 aDSIN(RMINPL)

ARG2ES , 145«CDEGTH
ARGISCOS(UMEGA)#CUS(ARLZ)@SIN(UMEGLA)*SIN{ARGR) *DCOS(AN)
AlsARCOS(ARG3)

ARGUBSIN(ARG2)aDSINCAN)/SIN(AL)

ANUSAKSIN(ARGY)

CHISSMALLTeHeANU

SALPHABSIN(OMEGA)#DSINC(AN)/SIN(ALY
CALPHARDCOS(AN)ACOS(ANU)#DEIM(AN)IwSIN(ANU)*CCS(GMEGA)
CALPHIELICALPHA

ALPHASRAATANZ (SALPHA,CALPNKH])

XlnANSALPNHA

SIGMARSex]
ALMOONBSIGMAC2, aE DS INCIMINP) 4SS, n(Ene2)aDSIN(SMINPR) /4,
Ke1S,#RATIONENDSIN(SRHP) /64, ¢1) ,«(RATIOwRZ)#DSIN(SHINNZ) /B,
ARG5S (OMEGA/2,)

ARGOEALSUNECH] Y

ARGTBALSUNSCHIY
CPHISSIN(ALAMBO)*SIN(OMEGA)#DSIN(ALSUN)+CUS(ALAYBD )N ((CUS(ARGS)#ng
$*DCOSCARGO)*(SIN(ARGS)#22)w0CUS(ARGT7)))

ARGBB(ALl/E,)

ARGIZALMOONSCH]

ARGI1OaALMOONSCH]
CTHETASSIN(ALAMBD)#SINCAT)®DSIN(ALMOUN) +CUS(ALAMBOD ) w ((CUS(ARGB)#n2
8)#0CUS(ARGII*(SIN(ARGB)ww2)#LCOS (ARGL0))
GMEAMUNAMMOONARADIUS® (3, a(CTHETAR®R) el () o (DISTEMRR3) ¢34 (AMYRAMMUCN
Ex(RADIUSAn2) (5, o (CTHETARR3) =3, aCTHETA) ) #(VUISTEMRSGL) /2,
GMaGM%1000,
GSsAMURAMSUNRRADIUSR (3, (CPHI®n2)eal ) (DISTESea3)nlyu0,
GLERUBGM4GS
G(XKK)SGZERU®1160,

MgMe]

WRITE(4,90) M, MINUTE (KK),G(KK)

mxumos. SLATD,SLATM,SLONGD ,SLUNGM ,DATEM,DATEU,UATEY,TIMENY
ETImEM

PRINT 70, (GCLL), LLE1,NTOTAL)

PLET2(MINUTE, G,NTOTAL)

CONTINUE

FURMAT(14)

FURMAT(V)

FORMAT(V)

FORMAT(3F1%,5)

FUKMAT(IX,F3,0,FS,2)Fd,0,F%,2,5+3,0)

FURMAT(70°,12F0,1,/12F0,1)
FORMAT(I3,I9,F1S5,3)
E3
{ o ] [ ® o [ o ] L @
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APPENDIX F: TALGRAD LISTING
TALGRAD 149453 |} 0S5/20/82 FILE PAGE NO, 1
[
1098 RUN wpHOS8D4UL/PLOTS,E :
20C TALGWAD COMPUTES GRAVITY AND GRAVITY GRAUIENT PRUFILES OVEN Twye
30C DIMENSIONAL POLYGONAL CROSSeSECTIUN MODELS
40 OIMEASION XXX(U0))XX(200),X(60),L(40),R(40),A(G0) B(4Y),
S0 B8(U0),UCU0),v(a0) s T(UO0) W (RO0),6G(U0),CTC(30,200),6TT(10,200),
60 &BA(200),1(30),0ELGTZ(200),0ELLTX(200)
70 DIMENSION G(200),XH6(200),A8(C200) .
7% DIMENSION DELGTZP(200) ®
80 PRINT ,"K,DELX)DELZ,)ZMAX" . .
90 READ 30, K,DELX,DELZ,ZMAXK
100 10 FORMAT(V) 4
110 D0 2¢ M=,k ]
120 20 XX(M)SDELXw(Me})
130 PRINT ,"NPOLY"
- 140 READ 30,NPOLY ]
" 150 30 FORMAT(V) ®

160 PRINY 40

170 40 FORMAY(POIMENSION IN KPT(TYPE 1) OR METEHS(TYPE 2)°)

180 READ SOyNN

190 S0 PORMAT(V)

200 IF(NN,EQ,1) Csd,007

210 IF (NN EQ,2) Cs13,34Ee]

3 220 0O 70 118,10 _ :
' 230 DO 60 NG®1,200 ®
240 60 GTT(I1,NG)SO,0

250 70 CONTINUE

2600 M(1)m0,0

270 DO 1000 II=1,40

PPV U

PPN YTy

280 00 295 L &1,NPOLY

a8l PHINT 73,0

285 73 FORMAT(’PULYGONe=",12/)

29 PHINT, "DELRON" e °

300 READ 8¢, DELRO,N

310 80 FOMMAT(Y)

320 PRINT ,“ll,ll“”.,lN,ZN' o
330 READ 100, (XXX(M)oZ (M), MB1,N) : ‘
340 100 FORMAT(V)

———

350 IF(I1,6T41) GO TU 145

300 PRINT 110 .

370 110 FORMAY(/7/725%,°STAT]IONS PCLYL, SIDES VENSITY?/) o

380 PRINT 120,K,NyDELRU : 1

390 120 FURMAT(I30,110,F20,0//7) E
1 400 PRINT 130 4

410 130 FUNMAT(QIX)ONVERTEX,7X,12MDISTANCE 19X, IHDEPTH ) : -

420 7 PRINY 140, (M XXX(M) 2(M), mB1,N) }

430 140 FORMAT(I25,2F20,0)
440 145 NNBNol

‘ 450 XXX(NN)SXXX(1) o
460 LINN)BZ(}) y
470 150 DU 180 NGE],200
480 160 GTC(I1,NG)IBY,0

WI_—"

490 DO 290 NGB1,N
500 DU 3170 Isl,NN
510 X(1)sXXX{1)eXX(NG)
i 5¢0 170 CUNTINUE
' @
3 1
1
-
t o |
| ° 1
r Fl - 1

A




-

—

TALGRAD

CONT 143450 3 05/20/82 PIlLE PAGE WU, e

$30 DO 280 Jmi,N

540 Jisdel

550 R(JIsX(J)ow24(Z(J)oN{11))nn2

S60 REJVIBX(JJIen2e(l(JJden(]]))nne

$70 ACJ)uX(dJ)ex(d)

580 8(JInl(JJ)=l(J)

590 $(IIX(IIN(Z(III*HIITID )X (JII {2 Jd)en(1]))
600 UGJ)BA(J)ae2 o B(J)ne2

610 V(J)80,54ALOG(R(JJI/R(J))

620 T(JIsX(J)eX(JJ)¢(Z(J)on(IT))n(ZCIdIen(11))
630 1F(S5¢J)) 180,250,200

640 180 IF(Y(J)) 190,230,220

650 190 w(J)a®3,1415927 ¢ ATAN(S(J)/TLY))

060 GO TC 260

670 200 IF(T(J)) 210,240,220

680 210 w(J)ad, 1418827 o ATAN(S(SI/T(I))

0990 GU TC 260

700 220 w(J)sATAN(S(J)/T(J))

710 GO Tp 200

720 230 w(J)s®} 57079

730 GO TC 260

740 240 w(J)=1,57079

7150 GO To 260

760 250 w(J)s0,0

T70 260 GG(J)IB(3(J)/UCJ))n(B(J)aV(JImA(d)en(d))
780 270 GPABC*DELRO*GG (J)

790 GTC(II/NGISGTC(11,NG)¢GPA

800 280 CONTINUE

810 GYTCII/NG)BGTT(II,NG)*GTC(II,NG)

820 GING)SGTT(II,NG)

830 290 CONTINUE

840 295 CONTINUE

850 PRINT 300, H(I1)

860 300 FURMAT(’DO0 YOU wANT TU PRINT GZ PUR M2B° k0,2, eeYtS(1]),NULE)T)
870 READ 30,Mm

880 IF (Mr kU, 2) GO TU 305

690 PRINT 310, W(3I)

900 310 FURMAT(//’oeeasbLEVATIUN B #,Fl0,b, mrecan’//)
910 PRINY 320

920 320 FURMAT(ISX,"STATIUN® 10X, "K?,00X,°GZ(R)",//)
930 DU 3500 NG®1,K

940 1500 PRINT 330,NGoXX(NG),GTT(II,NG)

950 330 FORMAT(I7x,13,8%,F10,06,5X%,F10,0)

900 305 CUNTINUE

L TY) PRINT, "DO YOU WwANT PLOTS OF GRAVITY PROFILESeaYES(1), NU(Z)"
L I'T READ 10U, NN

963 IF (NALEUW,¢2) GO TU 533

970 PRINT 331,mM(11)

980 331 FURMAT(®PLOT GRAVITY PROFILE FCR NB?,b0,2/)

990

CALL PLOTZ(XX,6,n)

1000 333 IF(n(11),GL,2ZMAX) GO TO 340

1010 H(Igeldmm(ll)eDL

1020 1000 CONTINUE

1030 340 PWINT 350

1040 350 FPURMATL’DO YOU m»ANT TOU CALCULATE GRAVITY ULRADIENTS

F2
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TALGRAD COnT 14845t 1} 0%/20/82 PILE PAGE NO, 3
1050 STYPE § POR YES, 2 FOR NO°*)

1060 READ 360, NGKAV

1070 360 FORMATLY)

1080 IF (NGRAD,EU,2) GU TO S000

1090 36% PRINT 370

110¢
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1810
1320
1330
1340
1550
1300
1370
1380
1390
1400
1430
1420
1430
1440
1490
ju00
1470
1480
1490
1900
1%10
1%20
1530
1540
1950
1500
1570
1580
1990

370 FORMAT(®INPUT DESIRED INCREMENT VALUES FOR HQRIZONTAL ANDY/
C°VERTICAL GRADIENT VALUES, UELXX AND DELZZ, [N INCREMENTS?/
S20F DELX AND DELZewe’)

READ 380, DELXX, DELZZ

380 FORMATLY)
IxmpELXX/DELX
IF(DELZLEQ,0,0) GO TO $05
I1280ELZ2/DELZ
DO 2500 NGE],K

2500 DELGTZ(NG)S(GTT(1,NGIGTT(IL*1,NG))/DELLL
PRINT 390,0ELZZ

390 FORMAT(?eocceDbLTACZ & 7, ,F10,0//15X) "STATION? ,1CX,*GLes"//)
DO 400 NG=}i,K

400 PRINT 500,NGoXX{NG),DELGTZ (NG)

S00 FORMAT(1T7X,15,8X,F10,0,5X,F10,46)

PRINT S02

502 FORMAT('PLOYT VERTICAL GRADIENT PROFILES’)
CALL PLOTR(XX,DELGTZ,K)

505 PRINT 510

$30 FORMAT(LINPUT VALUE OF N FON wH]CH TRk RURIZONTAL GRADIENT?/
$718 DESIRED IN INCREMENT OF OtL2")

READ S20,HZ
520 FORVAT(V)
NZspnZ/DELZ
IF(DELZEGQ,0,0,0K,HZ,EQ,0,0) NZE}
00O 3000 NGEy,Ke]lX
DELGTX(NG)IB(GTT(NZ,IXONGIeGTT(NZ,NG))/DELXR
IF(IXONGe] 6T, K) GU TO S30

3000 CONTINUE

$30 PRINY S40,DELXX

S40 FORMAT(?eemceDELTACX B ,F10,6//15X, STATIUN?, 10X,
§°GL,X%77)

DO 550 NGE},n

PRINT 5§°'NGQIXONG'DELG1X(NG)
XHG (NGB (XX(IXeNG)JeXX(NG)) /2,
IFCIXONG*1 ,6T,K) GO TO 551§

550 CONTINUE

$%3 PRINT 553

553 FURMAT(IPLOT WORIZONTAL GRADIEAY PROPJLE®eFLOTTEU AT MIDPOUINIS®/
By°0F DELXX INTEKVALS')

KKER®IX
CALL PLOT2(XMG,DELGTX,KK)

960 FORMATCIOX,) I3, s p13s0X,P10,0,5X,F10,0)
PRINT 962

SoZ FOMMAT(°DU YUU wWANT GRADIENT SPACE AND SU, UF MODULUS OF ANALYTICY/

$,*5IGNAL PLOTS wwalF SO, IX PUUST EUUAL 2wwa  YES(1)y NO(2)°)
READ S80, MMM

IF (MMM EU,2) GO TU 570

DO S65 lsi,K

DELGTZIP(1)SDELGTZ(Ie})

F3
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TALGRAD  COnNT

1000
1610
1620
1630
1040
1650
1600
1670
1680
1090
1700
1710
1720
1730
1740
1750

140451 1 05/20/82 FILE PAGE NO, L}

IF(1¢1,EG,Ke]l) GO TO So7
565 CONTINUE
S67 CONTINUE
DO $68 [=],KkK
568 AS(J)® DELGTX(])#w2 ¢ DELGTZP(I)#e2
CALL PLOT2(DELGTZP,DELGTX,KK)
CALL PLOTR(XMG,AS,KK)
$70 CONTINUE
PRINT ,"0D0 YUU WANT TU RECALCULATE OGMADIENTS FOR UTHMER VALUEY OF"
PRINT,) ®"DELXX AND DELZZ YES(1), NO(E)"
READ 580, NNN
980 FORMAT(V)
IF (NNNGEG,1) GU TO o5
$000 CONTINUE
STOP
END

F4




MILBERY

1088 RUN
20

30

40

4s

S0

0 7
70

9% 10
100

110

120 20
130

160 25
150

100 30
170

180

190

200

210

220 33
230

240

250

260 35
210

280

290

295

300 a0
310

520 SUBN
330

340

350 8
360

370

380

390

400

410 10
620

430

440

450 ¢o
w0 30
4790

[1.1']

90

500 a0
510

520

530 4$
540

nILBERT

APPENDIX G: HILBERT LISTING

JusaT78 S 09/¢20/82 FILE PAGE NO,

*3ROB0D4UI/PLOTS, L
DIMENSION T(100),m(100),X(100)
DIMENSIUN A(100)
READ 10,N,DELX
X{1)8,9DELX
DO v Is2,M
X(l)sX(Jel) ¢ DELX
READ 10,4 (T(1)y 1mi,N)
FORMAT(Y)
00 20 Isi, N
CALL MILURT (T N,n44A)
CONTINUE
PRINT 25
PORMATC(LOX "X, 12X o "GZyR",124,%G2,2" 912X, A")
PRINT 30, (X(1)oT(1)sM(1)oA(2)pl®1,yN)
PORMAT(SX,F10,4,F15,8,F1%,8,F15,8)
PRINT, "DO YOU WANT GRADJENTY PROFILES YES(1), NO(2)"
READ 10, WM
i1F("M,EQ,2) GO TO 33
CALL PLOT2(X,N,N)
CALL PLOTR(X,T,N)
PRINT, "DO YOU wANY A GRADIENT SPACE PLOT YES(1), NOC(R)"
READ 10, NN
IF{NN,EQ,2) 00 TO 35
CALL PLOT2(M,T,N)
PRINY, "DO YOU WANT A PLOT OF TWE MUCULUS OF THE ANALYTIC
3 SIGNAL  YES(1), MNOC)"
READ 10, LL
IFTLL.bU,2) GO TO 40
CALL PLOT2(X A,N)
8$ToP
EnD
QUTINE MILBRI(T,N,nm,a)
DIMENSION T(1),H(3),A(1)
DU S Isi,n
T(Ned2=])BT(Nelo])
1(1)30
T(Ne2)s0
DU 40 Is),N
M(1)®0
Jal
15 (JokU,(Ne]el)) 6O TU 20
H(I)BH(I)e(T(1edod)a(Jel)oT(I0)e2)0J)0AL0G(1,¢1,/J)
JaJel
Gu 70 10
Jsi
IF(JoEW,]) GO TO w0
HELYSH(L)e(T(led)edoT(fajel)n(Je]))eAl0G(),e1,/J)
JaJel
G0 70 S0
H(I)BM(3)/73,141993
D0 45 I=],~
T(1)8T(1e})
A(1IBT(D)ene ¢ W(])ee2
RETURN

ConY 148478 5 0S/s2e/82 PIVE PAGE NO, 2
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APPENDIX H: SEISDIG, SEISPLOT,
REFINT, AND DOMER LISTINGS

NIT
20 REMESXIXXRARXXREXRXERRLXAEXAXRAEERAERRXKXERIRARRERARIALRERARRLLELS
30 REMIXX THIS PROGRAM IS DESIGNED TO REDUCE SEISMIC REFRACTION x3%3%
40 REMIXs OSCILLOGRAPH RECORDS, AND WRITE THE RESULTING TINE-  X%s%%
5@ REMEXx DISTANCE INFORMATION TO A MAGNETIC TAPE 12234
60 REMIEXXXZEXEXXXIKRRRIXAAREREXERALRARIEIRSLRAARELRRESRIRRRLLALAIXASRE

4
718
720

PAGE

PRINT “INPUT FROM THE KEYBOARD IDENTIFICATION OF DATA"

PRINT "THIS INFORMATION MUST BE ?2 CHARACTERS OR LESS"

INPUT Xs

DIM G(24),T(24)

lNgHT ;INPUT COORDINATE OF SHOTHOLE IN FEET.*

PRINT "INPUT DISTANCE FROM SHOTHOLE TO GEOPHOME NEAREST IT."

PRINT “NOTE--USE NEGATIVE # IF MOVING FROM HIGH FOOTAGE TO *

PRINT "LON FOOTAGE."

INPUT G(1)

PRINT "KEY IN THE SHOTHOLE DEPTH"

INPUT D2

GC(15=6(1)+81

PRINT "INPUT THE SPACING BETWEEN GEOPHOMES--USE NEGATIVE VALUE"

?ﬁ;u} ;IF MOVING FROM HIGH FOOTAGE TO LOW FOOTAGE. "

[ f2e300330088823 8002083003838 0¢0s238088330302288032830080388383¢3%31

REMXSE2x INITIALIZE OSCILLOGRAPH RECORD XXSXXXLffsixfxtfxxtisfstins

REH!tt!ttttttttttt!ttttxtttt!ttt!tttttt!ttttttttttttttt!txxtttttxtt
PRINT "DIGITIZE THE TIMING LINE JUST PRECEDING THE TIME BREAK"

;g?ﬂ{ €8:71,0,01

PRINT "DIGITIZE THE TIMING LINE OCCURING 200 msec LATER"

INPUT €8:72,0,01

PRINT “g°

132208/(T2-T1)

PRINT *DIGITIZE THE TIME BREAK®

INPUT ggaTO,D,DS

PRINT ‘DIGITIZE THE FIRST ARRIVALS OFF OSCILLDGRQPH RECORD*
PRINT * 1. PRESS WHITE BUTTON NORMA

PRINT * 2. PRESS BUTTON #1 IF A TRQCE is_SKIPPE

PRINT * 3. PRESS BUTTON #2 TO REDIGITZE THE PRECEDING POINT*
PRINT * 4, PRESS BUTTON #3 TO DIGITIZE LAST POINT®

832,26:2
PRINT *DIGITIZE TRACE & ";N
INPUT @8:T(N),Y,2¢

R
T(NI=(T(N)-TB) XT3
IF 28="2" THEN 600
IF Z¢="4" THEN 480
IF 2$="8" THEN 560
GO T0 570
G(N)=G(N)+$
GCN+1)=G(N)+S
H=N+1
GO0 TO 480
A2 e2dd30 8383 eseettttsoestittstioedtssiotiinssteesdedsssagissesss
REMIXXXCORRECT DISTANCES FOR SHOTHOLE DEPTH USING PYTHAGOREANYIfXX
REMSXEXSTHEOREM APPLIED TO FIRST FOUR GEOPHONES AND THEN 13384
REMISXSLIST THE TIME DISTANCE INFORMATION
ggﬂ;;:;ttt!ltttttttttlttttttttttt!tttttt!ttttttttttttttttt!tttt!t!
t 1

FOR I=1 TO 4
Ll'ﬁBS(Sl G(l))?Z
IF 20 T

HEN 710
e G(l)'Sl-SOR(LIODJ)

GOT
GCI)=S1+8ARCLE+DD)
NEXT 1

H1l

SEISDIG 1

SEISDIG 2

Y

PO U

ek
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SEISDIG 3

733 P:Gg .

750 Y$=Y$LYS

760 P=LEN(XS$)

770 0236-P/2

780 Y$=REP(X$,0,P)

798 PRINT Y$

800 PRINT ©32,26:0

810 A$="TRACE NO."

820 Bs$="DISTANCE"

830 C$="TIHE(nsec)"

8406 PRINT As$,B$,C$
PRINT "

860 PRINT

870 FOR I=1 TO N

888 PRINT I,G<D,TC(D)
NEXT 1

900 INPUT Us

PAGE
920 PRINT "WOULD YOU LIKE TO REDIGITZE ANY OF THE POINTS?® i
930 INPUT Qs
940 IF Q$="N" THEN 1040
950 PRINT "WHICH POINT HO.*"
966 INPUT 1
970 PRINT "DIGITIZE THE POINT®
980 INPUT €8:T(1),Y,Z$
998 T(I>=(T(I>-TB)>XT3
1668 GO TO 926

Ui, p303888 3330838335208 83338033308333333302333¢23333¢¢3093238093¢4941
1020 REME3333STORE DATA ON MAGNETIC TAPESSXSEXXXXXEXLLXALEREXEEXRRIRLLNE
}ggg REHE!!‘!!‘Xttt!ttt!33‘3383’!‘*3tttlt!!tt!ttlt*tt!t!ttt*‘#lt!t!l#*!t
{823 ?RINT "HOULD YOU LIKE TO STORE THIS TIME-DISTANCE INFO ON TAPE?*" ’ T
1670 IF 99""' THEN 1160 T
]
. 4
. 4
SEISDIG 4 (Last)
1080 PRINT "WHICH FILE # WOULD YOU LIKE TO STORE DATAR ON?*
1050 INPUT Fi
1100 FIND Fi . .
1110 WRITE @33:X$ o
1120 MRITE €33:N S
1130 FOR I=1 TO N : )
1148 WRITE 933 G(I),T(I) T
1150 NEXT I
1160 END .
.
I
o
) ]
®
H2 - 1
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1 INIT

3 §9=0

4 L9=1.636363

9 L8=1

6 DIM T¢(50>,D(50)

7 REM : TO USE THIS PROGRAM FOR PAPER PLOTS - SET CORNERS ON PLOTTER
8 REM : TO DEFAULT UALUES OF 10" BY 15" - IT IS DESIGNED TO PLOT

9 REM : AN X AXIS OF ?°® AND A Y AXIS OF 35" ON PAPER WHICH IS 8"x 10.5"
10 REM : IN SIZE - KHEN MOUNTING PAPER ON PLOTTER SET LEFT EDGE OF
11 REN : PAPER IN LINE WITH THE SCREWS ON THE LEFT HAND SIDE OF THE
{g gEEE: PLOTTING SURFACE

20 PRINT "KEY IN THE PROPER # TO PERORH THE INDICATED FUNCTION®

30 FRINT * 1 ENTER DAY

408 PRINT *® 2 CHANGE OR ADD DATA"

50 PRINT * 3 PLOT DATA AND LABEL AXES"

60 PRINT * 4 CHOOSE BETWEEN PAPER OR CRT PLOT"

61 PRINT °® ] DISPLAY DATA"

62 PRINT * 6 SELECT SYmBOL*®

69 PRINT * 7 STORE DATA ON TAPE®

70 PRINT *® 8 READ DATA FROM TAPE"

71 PRINT * 9 ST GRAN*"

OP PR
80 PRINT "INPUT THE APPROPRIATE NUMBER®
85 DIM T(SO);D(SO
98 INPUT M
95 PRINT Ql,l? 1,1.636363
160 GO TO M1 OF 139,320,430,520.220.1550’1610,1800,1530
110 DIM T(58>,D(50)

PAGE
130 PRINT "INPUT TIME DEPTH VALUES, END LIST WITH TIME LESS THAN 2ERO"

Ji=1
1350 PRINT 'DISTRHCE('}JII') Y |
160 INPUT T(J1)

162 IF T(J1)<0 THEN 210

170 PRINT 'TIHE('!JlS‘) = "3
180 IHPUT DI

190 Ji=J1+]

200 G0 TO 150

218 J1=J1-1

PAGE
230 E$="POINT NO."
240 D$="TIME (MSEC)"
250 F$="DEPTH (MSEC)"
260 PRINT ES$,FS$,D$
270 PRINT
286 PRINT
290 FOR I=1 10 )1
360 PRINTII,T(I)yD(I)

NEXT
320 PRINT "HOULD YOU LIKE TO CHANGE OR ADD ANY POINTS (ANSWER Y OR W)7?"
330 INPUT Q$
340 IF 0$="Y" THEN 360
350 GO 10 19
368 PRINT "KEY IN THE POINT NO.*"
370 INPUT |
380 PRINT "KEY IN THE CORRECTED OR ADDED POINT UALUES"

390 INPUT T(1),DCI)
488 IF I<J1 THEN 420

Ji=]
420 ggcgo 220
440 PRINT "WHAT ARE X AND Y SCALE FACTORS?"
45@ INPUT X2,Y2
431 X1=73X2
Y1=33Yy2
460 PRINT "WHAT IS THE X LABEL?"

470 INPUT X$
400 PRINT "NHAT I8 THE Y LABEL?"
490 INPUT Y8

H3

&

SEISPLOT 1
- ‘ p
- v
° i
SEISPLOT 2 3
o |
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580 PRINT "WHAT 1S THE BORING HOLE NUMBER?®

S10 INPUT BS

520 PRINT "FOR PAPER PLOT TYPE 13 FOR CRY PLOT TYPE 32°

530 INPUT N

L)
535 PRINT “"WOULD YOU LIKE TO PLOT THE RXIS C(ANSHER Y OR N>*

336 INPUT C$
540 PRINT @1,17:1,1,.636363

$41 PRINT “"WOULD YOU LIKE TO PLOT ON GRAPH PAPER (AMSWER Y OR W)>*

542 INPUT G$
S43 IF G$="N" THEN

350
544 PRINT "MOVE PEN T0 ORIGIN AND PRESS CALL BUTTON ON PLOTTER"

545 INPUT @1,27:X3,Y4,G
546 X4=¥3+70
547 Y¥3=¥4+450
548 GO TO €40
996 ¥3=18
560 X4=88

79 Y3=61
580 Y4=11
590 GO TO 640
600 X3=45
618 X4=185
6208 Y3=85
638 Y4=15
€48 PAGE
656 UIEWPORT X3,X4,Y4,Y3
660 WINDOW 0,X1,0,
665 IF C$="N" THEN 680
678 AXIS @NB:X2,2,Y2/2
675 AXIS @ND:X2/2,Y2/724X1,Y1
6806 GOSUB 1390
690 REMARK
700 REMARK TIC LABEL SECTION
705 IF C$="Y" THEN 720
767 GO TO 1331

710 REMARK
720 FOR I=0 TO X1 STEP X2
730 HINDOW 0,X1,0,Y1
740 NMOVE @nO: 1,0
7350 IF I=0 THEN 790
760 L1=LGT(D)
770 L1=INT(L1+1.8E-3>+1
780 GO TO 800
790 Li=1
800 SCALE 1
810 RMOVE ONO.-LI/ZXLO L8,-L9
820 PRINT eno:!
830 NEXT 1
840 WINDOW 8,X1,08,Y1
850 VIEWPORT X3,X4,Y4,Y3
860 MOVE @NB:X1/2,0
870 SCALE 1,1
880 RMOVE @NB:8,S
890 M=LEN(X$)/2
900 RMOUE @N@:-L8%M,-6XL9
910 PRINT @N@:xs
920 FOR J=8 TO Y1 STEP Y2
930 WINDOR @,X1,8,Y1
940 MOUE @Ne:9,J
950 IF J=@ THEN 990
968 L2=LGT(D)
970 L2=INT(L2+41.0E~3)
989 GO TO 10080
L2=0
1000 SCA
1018 RHOUE 0N0.-L9¥<L2¢3).-0 SsLe
1020 PRINT @NO:J
1030 NEXT J
1048 REMA
1630 REHRRK‘!!!!Y AXISEIRLR

H4
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_ 1060
: 1070
1 1080

. 1090
“ 11080

ie
1630
1640

REMARK

WINDOW @,X%1,0,Yt
MOUE @NO:0,Y1/2
SCALE 1,1
L=LENCY$)>/2

0 IF No=32 THEN 1140

RMOUE @NO:-431L9,-L
GO 70 1150

RMOVE @NO:-~S3L9,L%2

FOR I=1 TO LENCY$)
A$=SEG(Y$,141)

PRINT @N@,25:90

PRINT @NO:AS$;

IF N@=32 THEN 1220

GO To 1230

RMOVE ENO 8,-2.82

NEXT I

HOME

REMARK

REMARKXXXXXS2XXPRINT THE TITLES3%%%1800 REMARK
WINDOKW 8,X1,

HOVE @NB:X1/2,Y1

SCALE 1,1

C$=N$

RHMOVE ENO:L8X(-LEN(C$)/2),43L9
PRINT €NO,25:0

PRINT @NO:C$

WINDOW @,1508,0,100

VIEWPORT @,150,0,100

MOVE @1:X3,Y4

INPUT 28

GO T0 19

A, LTies 8383838033823 8333800338383 833383333838%2]
REMARK PLOT DATA POINTS WITH TRIRNGLES
REMARKSSXEEXSXASEIXLRLLASARERLLLTLRLTRALSRRRALLS

WINDOW 9,X1,0,Y!1
VIEWPORT X3,1%4,Y4,Y3
MOUE @HO:0,0

FOR I=1 TO J1

MOVE €HB:T(I),DCI)
DRAH €NHB: T(1),D(I)
S$12X1,70%1.25
$2=¥1,/70%1.25

IF S9¢<>1 AND S9¢>2 THEN 13510
IF §9=2 THEN 1502
RMOUE @N@:S1-2,52/3
RDRAW €N8:-51/2,-52
RDRAN €N8:-S1,2,S52
RORAW €NB:S1,0

GO T0 1510
¢ PLOT SQUARES :::s:ssesssscisse
1,2,-8272
952
RDRAW @NO:-S1,0
RORAW €HB:8,-S2
RDRQH19N0:31,8

:5
10

END
1F g0=32 THEN 118@

PAG
PRINT "CHOOSE AND KEY IN THE APPROPRIATE SYMBOL NO."
PRINT * 1 FOR TRIANGLE"

PRINT * 2 FOR SGQUARE"
INPUT S9

GO 710 19

REM: STORE DATA ON TAPE
PRINT 'TYPE IN IDENTIFICATION"

PRINT 'INPUT FILE ® THAT YOU WANT DATA STORED ON*

H5
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SEISPLOT 7 (Last)

1630 INPUT F3

1696 FOR L=1 T0 J1

1780 WRITE T(L)>,DCL)

1710 NEXT L

1720 GO TO 19

1808 REM: READ DATA FROM TAPE
1816 PRINT “INPUT FILE # DATA IS TO BE READ FROM®
1828 IKPUT F3

1825 FIND F3

1830 READ @33:N$

1840 READ €33:J1

1858 FOR L=1 TO J1

1860 READ 933 TCLI s DL

1870 NEXT

1880 GO TO 13

420

DIM X(4,2),U(4,2>,D¢4,2),51(2),A$(1),U2¢(4),T(4,2)
?zgnT ;HOULD YOU LIKE TO PROCESS BOTH A FORWARD AND REVERSE LINE?*"
1F As="Y" THEN 190

F1=1

?ggn} ;}S THE LINE BEING PROCESSED FORMARD OF REVERSE (TYPE F OR RO>*

IF A$="F" THEN 200

F1=3

E? 20 2080

?Sgn} ;IYPE IN LINE IDENTIFICATION®

PRINT "DIGITIZE THE FOLLONING INFORMATIONM FROM THE T-O PLOT"

PRINT "JJDIGITIZE THE ORIGIN"

INPUT €8:A0,B0,M$

PRINT "G"

PRINT "JDIGITIZE THE RIGHTMOST POINT ON THE HORIZ2ONTAL AKXIS*®

INPUT @8:A2,B2,M$

PRINT "G*

PRINT " JDIGITIZE THE HIGHEST POINT ON THE VERTICAL AXIS"

;N?s} es: Q‘,B MN$

REHRRK't!*‘tt!’tt*‘!t*t**‘tttlt‘t*tt!!i!"*x"13‘3!!***3*X**t

REMARK® INITIALIZE VARIABLES

EEHSRK P33 02320203530303 0032032039803 03833233832022393282%3%4¢
=

L2=8

FOR I=1 TO 4
FOR J=1 TO 2
X(1,J)=0
U(l,J)=0

0 T(I,J)=0
0<1,J)=0

H6
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430 NEXT J

440 NEXT |

450 IF F123 THEN 490

460 PRINT “HOW MANY LAYERS ARE ASSOCIATED WITH THE FORWARD LINE?"
470 INPUT LI

480 IF F1=1 THEN 520

490 PRINT “JHOW MANY LAYERS ARE ASSOCIATED WITH THE REVERSE LINE?®
508 INPUT L2

510 IF F1=3 THEN 630

528 PRINT “JDIGITIZE CRITICAL DISTANCES ON THE FORWARD LINE®

538 FOR I=1 TO Lt

540 IF 1=L1 THEN 570

558 PRINT ;ggIGITIZE CRITICAL DISTANCE #°;1

578 PRINT “JDIGITIZE ANY POINT ON THE HIGHEST FORWARD VELOCITY LINE®
580 INPUT QSEX(I;l)sT(I,l)gﬂt

¥T 1
610 IF Fl 1 THEN 720

PAG
630 PRINT *DIGITIZE CRITICAL DISTANCES ON REVERSE LINE:"
640 FOR I=1 TO L2
650 IF 1=L2 THEN 680
g§8 ESI¥T ;JCRITICQL DISTANCE #°31
f
680 PRINT "JDIGITIZE ANY POINT ON THE HIGHEST REVERSE VELOCITY LIHE"
698 INPUT @8:X(I,2),T(I,2)4M
700 PRINT "G"
710 NEXT 1
728 PAGE
?30 IF F1=3 THEN 7988
740 PRINT "FROM THE KEYBOARD ENTER THE FOLLOWING INFORMATION:"
750 PRINT "JJOISTANCE OF FORWARD SHOTPOINT FROM ORIGIN"
760 INPUT Si(1)
770 IF F1=1 THEN 810

780 PRINT "JDISTANCE OF REVERSE SHOTPOINT FROM THE ORIGIN®
798 INPUT S$1¢2)

800 IF F1=3 THEN 840

818 PRINT "INPUT THE FORWARD SHOTHOLE DEPTH"

826 INPUT D8

838 IF Fl=1 THEN 860

840 PRINT “INPUT THE REVERSE SHOTHOLE DEPTH"

850 INPUT D9

860 Al=0

870 B1=0

888 PRINT “JTHE MAXIMUM VALUE OF THE HORIZONTAL AXIS*

890 INPUT A3

360 PRINT “JTHE MAXIMUM UALUE ON THE VERTICAL AXIS"

910 INPUT BS

920 A=A2-A0

930 B=B4-B0

940 REMARKEXEXSERXEXLAXREXLRRRARRLLLARLARARLARRLRARLARRRIRLLRL
950 REMARK: FORWARD CALCULATIONS MADE IN THE HEXT SECTION

960 REMARKESEXXEEXRXXEXRELXRRSKRRRELIREEERRLSRAREIERCRRELEX %L
979 IF F1=3 THEN 10680

980 FOR I=1 TO L1

998 X(I,1,=(X(I,1)-A0)/AK(R3I-AL)

1000 T(1,1>2(T(1,1)~B0>,BX(B3~B})

1010 X(I,1)=ABS(X(I,1)~S1(1))

1920 HEXT 1

1030 REMARK: RXX2XEXEXRXXRXXXRXRRXAREXRATIRAAREEREREARERRAKLRAS
1846 REMARK: CALCULATIONS FOR REUVERSE LINE

1050 REMARK: XXXXXXXXXRIXAREARRRRARRSLRERRARRARRALRAIRALRLRRLR
1060 IF Fi=1 THEN 1150

1670 FOR I={ TO L2

1080 X(I,2)=(X(I1,2)-A0)/AX(A3-A1)

1890 1¢1,2)>=(T(1,2)-BB>/8%(B3-81)

1100 XéX%Z;-ﬁBS(X(IoZ)-Sl(Z))

1110 NEX
1120 REMARK: SXRSRERSRELLLXLRRRREBRATLIRALERALLRRLLLLARSRLLLRLE

H7
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1800
1810
16820

REMARK: COMPUTE VELOCITIES
REMARK: XXXIXXEXEXEXXEARARXREEKKAXARRRRRREELRARRRAARRRANER

8 FOR I=1 TO

IF FI=3 AND I=t OR (Fl=1 AND I=2) THEN 1188
(L, D=(X(1, 1)-A1)7(T(1,1)-B1>%1000

NEXT
@ IF Fl=3 THEN 1240

FOR I=2 70 L1
g(§%1}=(3(l,l)~X(l-l,l))/(T(I,1)-T(I-1sl))t1090

£
IF Fi=1 THEN 1280
FOR I=2 TO L2

UCT,2)=(XC1,2)=R(1-1,2))7(T(1,2>-T(1-1,2))%1000

HEXT 1
REMARK: $EREXTEEXXLLERXELRREREERESERRRRRRRERKRRERRRRLEXRRRRAY
RENARK: COMPUTE DEPTHS
REMARK: $3XX81EXRRRRERRE8RRERaRaRsesssxsitaaxsxexsassaxarsass
IF F1=3 THEN 1388
D1, =Xl L/ZESARC(UC2 1=UC1y 1))/ CUC2y 1D4UC15 122040812
D(2,1)=5/6%DC1, 1)+X(2, 1) 7288QRCCUC, 1)=UC25 13D/ CUC3y 1)4UC24 1))
IF L1=3 THEN 1378
D1=1/63DC1,1)437430¢2, 1
o<3é%>;ox+x<3,1)32;30&((0(4,1)-u<3,1))/(0(4,1>+u<3,1>>)
=

D1 2)=K( 1,22 /ZESORCCUC212-U(152))/ CUC2, 224UC1,20)4D972
D2y 2)25/620C 1, 214K(2) 23/ 2HSTRCVC3, 221025200/ U3, 224025200
IF L2=3 THEN 144
z-xzsto<x,1)+3/4xo<z.2>
D3, 232D24X(3, 23 24SIRC V(41 23-U(312) (U1 22 4UC3:2))

KK!XXXXX.X xxlxxxx-xxxx xxxxxxxxxxxxxlllxlxxxxxxxxxxxxxxx
REMARK:  OUTPUT SECTION RESULTS ARE MOW COMPLETE
RENARKERZEXSSERSTIERRERRRRERRRLERATRASLARRRARRLLILEXARALLLLES
IF L1<L2 OR Fis1 OR Fi=3 THEN 1548

REHGRKtt*tttlttttttttt!tttttttttttttttt*ttttttt!ttttttttttttt
RENARK COMPUTE TRUE VELOCITIES
§%RG§Kltt3tt§ttttttxttttt¥tttitXl!#!!ttt!!*ttttttttttttt!tttt
V2(1)=250CT, 1D3UCT,2)7CUCT 1)4U(1,2))

NEXT 1

PAGE

PRINT Bs

PRINT *J°

PRINT * FORWARD REVERSE"®
PRINT USING 1590:

IMAGE 11X, . .. pEY -+ 1 .

PRINT 'J'

PRINT USING 1620:

IMAGE 22X,'THE CRITICAL DISTANCES ARE:"

PRINT *J*

L=t1
IF L13L2 THEN 1670

2l
FOR I=1 70 L-1

PRINT USING 1698:1,X(I,1),I,X(1,2)

12§$E 11X, *X(®y 1Dy ) 5%, 6Dy 18K, *XC*4 1D, ") =*,6D

PRINT UdING 17

INAGE_ 2286'THE SRPPARENT VELLCITIES ARE:®

PRINT USING 1760:1,Uc1;12,1,¢1,2)

INAGE 11X, UC*, 1B, *) = Dy® fps*, 17X, "UC"y10,") =",6D," fps"
PRINT *

PRINT UdING 1800:

IMAGE 11x.-rn£ CALCULATED DEPTHS ARE: *

PRINT *

FOR I=1"T0 L-1

H8
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b

it o
b -

REFINT 6 (Last)

1838 PRINT USING 1849:1,001, 1341,0¢1,2)
1849 IMAGE (1X, *D(* " 1Dy ) =5,30.20 1% ££7,18X,"DC",10,") =°,30.20," f¢°

NEXT
1860 lFxLl<)L2 OR Fi=1 OR F1=3 THEN 1966

RINT
1688 PRINT USING 1898
1890 IMAGE 22X,'THE TRUE VELOCITIES ARE:"
1980 PRINT *
1910 FOR I=1 T0 L
1920 PRINT USING 1930:1,v2(1)
1930 lnncsittx,-u<',1o.'> =", 6D

EXT
1950 GO TO |
1969 ER&NT 'JJTHE TRUE VELOCITIES WERE NOT COMPUTED FOR THIS CASE"

L1ST
10 INIT DOMER 1
15 REM DOMERSDIGITIZATION OF MULTI-EVENT REFRRCTION DﬁTﬁ)-DEY
16 REM PROGRAM WILL DIGITI2E PEAK ARRIVAL TIME AND 1
17 REM EACH EVENT, IT WILL H&NDLE UP TO 5 EVENTS PER TRGCE FOR 24
18 REM TRACES. CALCULATES FREQLGROUP VELOCITY AND OUTPUTS IN TABLE
9 REM GEOPHONES MUST BE EQUALLY SPACED. T/D PLOT OF PK FOR ALL EVENTS.
20 DIM T1(24),T72¢24),T73¢(24),T4(24),75¢24),0(24)
gg g;HoFl(24),F2(24).F3(24),F4(24).FS(ZQ).NI(24),H2(24)
37 F9=0
48 Ti=-1
45 T2=-1
50 T13=-
59 T4=-1
68 T5=-1
65 F1=T1
70 F2=72
75 F3=13
80 F4=T4
98 F5=T5
118 PRINT "ENTER TITLE"
126 INPUT T$
{39 ?5;5; ;ENTER GEOPHONE SPACING”
150 PRINT "ENTER TIME INTERVAL TO BE DIGITIZED"
160 INPUT R
170 PRINT "DIGITIZE TIME INTERVAL®
180 INPUT #8:78,Z,2%
198 PRINT "G"
200 INPUT 08:79,2,28
216 PRINT *G"
220 S6=R/(T9-18
223 PRINT 'DIGITKZE ZERO TIME"
227 INPUT @8:17,2,28
H9
L L o o | o L L J L L ® |

24




228 PRINT °G°

240 1
230 FOR H-l T0 N
260 PRINT "ENTER STARTING TRACE NUMBER"

218 PR!NT ;ENTER HUMBER OF EVENTS TO BE DIGITIZED®

270 INPUT C

290

300 INPUT €8:7,2,2¢
305 T=(T-T7)%56

318 GOSuB 908

320 PRINT "DIGITIZE EVENT#"3M;* TRACE “jK;j" LEFT TROUGH"
330 INPUT €8:L,2,2%
340 GOSUB 900

350 PRINT “DIGITIZE EVENT#“;M;® TRACE ";K;" RIGHT TROUGH"
360 INPUT @8:R,242$
370 GOSuB 900

380 P=1/((R-L)%S6)
385 P=INT(Px10000)-18
390 GOSUB 688

400 NEXT K

410 NEXT

420 REH...OUTPUT DATA
430 M

440 Hl'Tl

4350 H2=F1

460 GOSUB 900

470 M=M+1

480 IF MON THEN 590
490 Hi=T2

500 H2sF2

318 GOSUB 808

528 M

S30 lF H)N THEN 390
540 H1=13

S30 Ha=F3

FOR K=C TO 24
PRINT “DIGITIZE EVENT#"$M3"* TRACE *jK;" PEAK"

560 GOsue 800

376

IF H)N THEN 350

5?2 Hi=T4

574
576
5?9
3580
382
984
586

770
800
OOS
010

H2=F4
GOSUB 800

H=M+i
IF MON THEN 590
H1=T3

H2=F5
GOSU

8 800
SSg ERINT 'ghL EVENTS PRINTED XXNORMAL TERMINATIONXX%"

REM:: :SUBR DATA ARRAY SORT:::
GO 70 M OF G30:660o699;720:7$0
PR!NT "SORT ERROR*"

T1(K)=T

F1¢(K>=P

RETURN

T2¢(K)=T

F2¢(K)=P

RETURN

T3(K)=T

F3(K)=P

RETURN

T4(K)=T

FacK)=P

RETURN

T75(K)=1

F3C(K)=pP

RETURN
REM:: 2 :SUBR OUTPUT DATA TABLE::::
PRINT . 118

RINT * *
PRINY "EVENT NUMBER "M

H10
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812 PRINT
815 PRINT * X, ¢t

Tynsec Fyhz Us;ftfs'_

9 PR
823 FOR Ktl TO 24

IF Hl(K)ﬂ- THEN 860

836 H1<K)=INT(H1(K)*10>-18
840 UsS/H1(K)

842 U=INT(U$100008)>/180

845 PRINT S,HI(K)yH2¢(K)4V
850 GO TO sr@

860 PRINT S

870 HEXT K

875 COPY

PAGE
GOSUB 2000
RETURN
REM: : 1SUBR FLARG SORT::
PRINT *g*

PAGE

IF Z$="4" THEN 290
IF 24="8" THEN 400
IF _2$="2" THEN 410
RETURN

sT0P
REH:::SUBR PLOT::
L9= +63636

L8=1
REM TO USE THIS PROGRAM Fos PﬂPER PLOTS - SET CORNERS ON PBOTTER

REM:TO DEFAULT UQLUES OF 1
REM:AN X AXIS OF AND A

BY 15* - 17 IS D SIGNED
OF 3" ON P WHICH IS 8°x 10.5"

7"
REM: IN SIZE - WHEN HOUNTING PﬁPER ON PLOTTER SET LEFT EDGE OF

PAGE
IF F9=1 THEN 2218

PRINT “KHAT ARE X AND Y SCALE FACTORS?"

INPUT X2,Y2
X1=7¥X2

Y1=52Y2
xs='DISTﬁNCE,ft.
Y3=;TIHEsns¢c.

GOSUB 340

PRINT 91,1? 1,1.636363
X3=18

X4=88

Y3261

Y4=11

PAGE

UVIEWPORT X3,X4,Y4,Y3
WINDOW 0yX1,

IF F9=i TNEN 3149

AXIS @NB:X2/2,Y

RXIS !NO X2/2yY2/2|leYl

REHﬁRK TIC LABEL SECTION
REMARK

@ FOR 120 TO X1 STEP X2

WINDOW O,XI,O,YI

IF 120 THEN 2320
L1=LGT(]

Ll'lNT(Ll#l.OE-3)+l

G0 TO 2530

Llﬂl

SCALE |
@ RMOVE ONO.-LI/ZtLO-LBu'LS
PRINT @NO:1

H11
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o 2560 NEXT 1

2570 WINDOW 9,X%1,0,Y .

3 2560 VIENPORT xs.x4.v4.v3 :

> 2590 MOUE @NO:Xi-/2,0 —
2609 SCALE 1.1 ®

= 2610 RMOVE QNO 0.5 b

; 2620 M9=LEN(XS$) :

S 2630 RMOVE EHO.-LBtHS,-StLS

- 2649 PRINT @NO:X$

2650 FOR J=0 TO Y1 STEP Y2

2660 WINDOW @ I,O:Yl '

267@ MOUVE NO 8,J :

2680 IF J=0 THEN 2720 e

2690 L2=LGT( N

700 L2=1NT(L2+1 8E-3)

2710 GO TO 2730

2728 L2 0

2730 SCAL

2740 RHOUE @NO.-LB:(L2+3),-D SiL8

2758 PRINT enNe:J .

2760 NEXT J - .t

REMARK
2780 EEH%R&“"X? AXISXXE%X

AR
. 2800 WINDOH 8,X1,0,Y1
) 2810 MOUE @N®:@,Y1/2
8 2820 SCALE 1,1
. 2830 LaLENCY$)/2 |
2850 RMOUE @N@:-43L9,-L "
2880 FOR I=1 10 LENCYS$) -8
5890 A$=SEG(YS,1,1)
2998 PRINT @N@,25:90
2910 PRINT @N@:A$)
NEXT 1

2960 HOME

29708 REMARK

2980 RENARKEXXXSXEXAPRINT THE TITLEX$%3$1000 REMARK L
2990 WINDOW @,X1,0, Y1 DOMER 7 'y

5080 HOUE @HO K1 2, v1 -0 q
3010 SCALE 1,1 -
3028 Cé=T8 S
3030 RNOUE @NO:LBKC-LENCCH)/2),48L9 SRR
3040 PRINT @NO, SRR
3050 PRINT BNG}ee - R
3066 WINDOW O,1506,0,100 . .
3979 VIENPORT @, 130,0, 160 e
3980 NOVE @ . .
3698 RENE:1TNPUT 2877 o
3095 S

Fo=1
3110 RENARKSIESIXSTRLEKLELKAIALLKBER SRS LY
3128 REMARK PLOT DATA POINTS WITH TRIANGLES

3130 RENARKSESTERSERLSKERERBRKSRESRSSERS LRSS NS
3140 WINDOM ©,X1,0,Y SRR
3150 UIEWPORT x3.x4.v4.v3 T
3168 MOUE @NO:9,8 °
3170 FOR 1=1 T0 24 . g
3180 D(I)=1%10 R
3185 IF HI1CI)CO THEN 3360
3190 MOVE @NO:DCIDsH1(I)
3200 DRAN @N@:DCI) Hi(I)
3210 S1=X1/70%1.25 o
3220 S2sY1/78%1,25 o
3230 1F $301 AND'89¢32 THEW 3360 e
3240 IF $9s2 THEN 3

3258 RMOUE #ne: §),3382,3 -
3260 RORAH ONB:-81/2,-52

3276 RORAW ON@:-81/2,82 - :
3268 RORAM ONO:s1,0

3290 GO TO
3300 2228223320 PLOT SQUARES scsostzsssssiise

RS DY | e




3310 RMOVE €NB:81/2,-52/2
3320 RDRAKR #40:0,S52
3338 RDRAN @#HO:-S51,8

3340 RDRAN @MO:0,-S2

3358 RDR?Hx@NO:SlsO

[
[

3400 PAGE
REM::: SUBR CHOOSE PLOTTING SYMBOL::::

3418 PRINT "CHOOSE AND KEY IN THE APPROPRIATE SYMBOL NO.®

3420 PRINT * 1 FOR TRIANGLE"

3430 PRINT " 2 FOR SQUARE"

INPUT S9
3435 ?553% éthNGE PEN COLOR IF DESIRED AND PRESS RETURN"

3550 RETURN
4080 END
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APPENDIX I: REFRDIR EXAMPLE AND LISTING
The following computational procedure is used by REFRDIR to determine
the phase velocities, v:, and intercept times, t; n’ for the direct and re-
?

versed refraction profiles ( + and - for the direct and reversed profiles,

respectively) for four layers (n=1,2,3,4) or three interfaces (n=2,3,4). The

given data are (see Figure 60): 1) the layer velocities, L 2) the inter-
face dips, sn’ and 3) the layer thicknesses, H;. The last layer, n=4, is a
semi-infinite half spa¢e. The top interface n=1, is the air/ground inter-
face and it is assumed to be horizontal. The angle between the interfaces
of layer n is Vot o Vp * 6n+1 - 6y-

The phase velocites and the intercept times for the first interface

+ t

(n=1 or top surface) are V] * e, tol 0.

For interface #2, (n=2), we compute:

. .2 1/2
sin 8y, = al/az; cos e12 = (1 - sin 612) /

then

v, = a)/(sin 8, cosy; Fcos 6,,sin Y

[ NS L 3

+ +
t°2= (2H1/u1)cos 912.
For interface #3 (n=3), we compute:

: . ) e 1 . einla 172
sin 6, 02/03 ; COS 6,4 (1 - sin 923)
sin eis = (al/az)(sin 623c°5 ¥y + cos 9235i“ wz)
t . einlat Y1/2
cos 613 (1 - sin 613)

then

*

= a./(si _ £ .
v oy (sin elscos ¥ ¥ COS 8;ssin wl)

*
-
)
*

+ + + -
ty3z® (ZHZ/az)cos 8,5 *+ (Hl/ul)(cos 8,3 * cos 613).

I1
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Finally, for interface #4, we compute:

. , . ) P S V.
:! sin 84, = “3/“4’ cos 8., (1 - sin

3 934)

.t . .
sin 65, = (°‘2/°‘3) (sin 854COS ¥  COS 85,45in ws)
1/2

+ . 2. %
b cos 85, (1 - sin 024)
. t
(al/a.z) (sin 854C0S ¥, t cos ,,sin "’2)
1/2

. %

sin 614
- 2 L oeinlat

cos 914 (1 - sin 014)

and then finally,

* +

>
VZ = u.l/ (sin 814508 ¥; F cos el4sin \pl)
x + + + -
tos (Zﬂg/us)cos 04 * (HE/“Z) (cos 854 * COS 924)
+ + -
+ ('Hi/al) (cos 84 * cOS 614).

. + . .
Note, the computations of ton are made as a running sum; each term is computed

+
as the values of the cos e;n are computed.

The equation relating the layer ''thicknesses'' of the reversed pro-

file, Hl-l’ to those of the direct profile, H;, is:
n-4
- + .
Hn=Hn-Lsmzpn'i]};) cos ¥,

where the symboljrrepresents a product; that is

2
gg cos wi = COS wo cos wl cos ""2

(recall by = 0 and, therefore, cos Yy = 1.

I2




- ]
: 1
b . 4
: e
E ]
= REFDRR 141490640  05/20/82 FILE PAGE NO, 1 ]

LOANFRN#JROS04A1/PLOTSE o

20¢ REFRAC } (AyF, GANGI/®, DILLON) ]

30¢C

#og PROGRAM REFKAC 1 IS A MODELLIMG PROGKRAM whUSE INPUT DATA ARt

soC 1), THE NUMBER OF LAYERS 4 4 4 ¢ o o (NLAYRS)

e0C 2)s THE VELUCITY IN EACK LAYER , , .(_ALPHA(N))

70¢ 3), THE DIP OF THE LAYER INTERFACES IN DEGREES ,

80¢ s o v o o o(DELTA(N)) '

00¢ AND 4),THE LAYER THICKNESSES o o+ o & o o (RPLUBCN) (HNINUS(N)) -

100C

110C NUTES N VARIES FROM | TOU NLAYRS (1,LE,N,LE,NLAYRS) FONR

120C  ALPHA(N) AND DELTACN), BUT 1,LEsNoLEs(NLAYRS®1) FOR HPLUS(N)

130C AND WMINUS(N],

1aoC

150C wases  SEE THE DIAGRAM IN FIGURE 1 awkas

160C

170C ALPHAC(L), WPLUS(L) & WMINUS(L) ARE THE VELUCITY & LAYER -
180C THICKNESSES OF THE FIRST LAYER WHILE DELTA(1) 1§ THE DIP
190C ANGLE OF 173 TOP SURFACE (THE GRUUND SURFACE)

200C

210C THE PROGRAM CUMPUTES AND PRINTS QUT, FOR BOTH DIRECT AND

220C REVERSED PROFILEST

230C 1)s THE HOHJZONTAL PHMASE VELOCITIES o o(VPLUS(N),VMINUS(NI)

240C AND 2), THE INTENCEPT TIMES , ¢ o o ¢ o s & (TPLUSIN),TMINUB(N)
250C FOR EACH REFRACTION, (2,LE(N,LE,NLAYRS)

260C
270C aax  DEFINITIONS AND LJ8T QOF VARIABLEE www
280C
290C ALPNM) ® (ALPHA N MINUS }) & (Nel)8T LAYER’S VELCCITY wMiCM I8
300C COMPARED wlTH THE VELOCITY IN LAYER b, ALPRA(N), TO INSURE
3510¢C THE VELOCITIES ARE MONOTONICALLY DECREASING,
3aoc
3302 ALPHA(N) = VELOCITY IN LAYER N, (1,LE N LE.NLAYRS)
340
3S0C CO8PS1 ®= (COSINE PSI) ® COSINE OF THE ANGLE BLTWEEN LAYER N'§
300C INTERFACES, FBI(N), (J,LE.NoLENLAYRS#1)
370C
$8UC COUSP) = (COUSINE PSI(1)) 8 COSING OF The ANGLE BETWEEN THE
$90C $IRST LAYER’S SURFACES,
400C
430C CTMIN = (CUSINE THEYAM(I,N)) = COSINE OF TMk ANGLE BETWEEN THE
420C 1THeINTERPACE NORMAL AND THE KAY wrICM REFRACTS ALUNG TRE NIM
430C INTERFACE (N>1), THWIS 18 FOR UPwARL THAVELLING wavES, (Stt .
44q0C FIGURE 1 AND THETAM(],N)), '
450C
4000 CTPIN = (COSINE THETAP(1,N)) @ SAME AS CTMIN EXCEPT FON THE
470C DUWNWARD TRAVELLING WAVES,
4u0C . ’
490C DELTACN) = Tk DIP ANGLE (IN DEGREES) OF THE NTW INTERFACE, Tht ,
500¢C TUP SURFACE UF LAYER N, (DELTA(1) ® TOP SURFACE DIP ANGLLE ®
Si0¢C IERU DEGREES], CLobEoN LENLAYRS) -
Sao¢
S30C MMINUS(N) & THE THICKNEBS OF THE NTH LAYER POR ThE HEVENSED
540C vhorxua (SEE FIGURE }), (1L Nobt ,NLAYRERY)
50¢
e
- <
P
®
13 - 5




REFORN

560¢C
$70C
$80C
$90C
000C
6310¢C
020¢
630C
Y114
6%50¢C
660C
670C
680C
090C
T700C
710C
720C
730t
T40C
750C
760C
770¢
780C
790C
8ooc
810C
820C
830C
840t
8sot
800C
870cC
880C
894C
900¢C
910C
920C
930¢C
e40C
950C
960C
970C
980C
990C
1000C
1010C
1020C
1030C
1040C
1050C
31060C
1070C
j080C
1090C
31100C

CONTY 14349040 09/20/82 FILE PAGE NO, 2

HPLUBCN) & THE SAME AS MMINUS(N) EXCEPT FOR THE CIRECY PrUFILE

NLAYRS ® (NUMBER OF LAYERS) 3 NUMBER OF LAYEHD BPCR wrICH
VELOCITIES ARE GJVEN, (THE LAST LAYER 15 A maALF BPACEL)

NX2L8T 8 NEXT TG LAST) 8 NLAYRS » 1
P ® 0,0174532925 & P1/380 & CONVERSION FACTUK, DEGREES TO RADIANS

PSICN) & ANGLE (IN WADIANS) BETwtbN THE SUKPACES OF THE ANTn
LAYER 8 Pw(DELTA(NOL) o DELTA(N)), ClolEyN LESNLAYRS®Y)

SINPS] s THk SINE OF PBI(N), (SEE COSPSI, PSI(N))
SINP) s (SINE OF PSI(1)), (SEE COSP1)
STMIN 5 (SINE THETAM(I,N)) . SINt OF TMETA MINUS (SEE CTMIN)

STPIN a (3INE THETAP(I,N)) ® SINE OF THETA PLUS (SEE CTPIN)
THETAM(I,N) 8 (THETA WINUS) B ANGLE BETMEEN THE ITHeINTERFAGE NURe
MAL AND THE RAY OF THE WAVE THAT REFRACTS ALONG THE NTW INTER®
FACE (N>1), Tnl18 I3 FOR UPwARD TRAVELLING KAYS, (SEE FIG, 31

THETAP(I,N) = (THMETA PLUS) = SAME AS THLTAM EXCEPT THIS IS FOR
"DOWNWARD TRAVELLING RAYS, (St€ FIGURE 1)

TMINUS(N) & INTERCEPT TIME FOR THL WAVE REFNACTED FROM THE NTH
INTERFACE FOR THE REVERSED PROPILE, (24LE,N,LEJNLAYKE)

TPLUS(N) & INTERCEPT TIME FOR THE wAVE KEFRACTED FROM Tnt NTH
INTERPACE FUR THE DIRECT PRUPILE, (24LEoNyLE,NLAYRS)

TMINUN & THE KUNNING SUM PUR THIMUS(N)
TPLUSN 8 THE RUNNING SUM FOR TPLUS(N)

YMINUS(N) & HORIZUNTAL PrASE VELOCITY OF Twk REFRACTION FROM
THE NTH LAYER FOR THE REVERSED PROFILE, (2,LE N LE,NLAYRS)

VPLUS(N) 8 WURIZUNTAL PHASE VELOCITY OF THE REFRACTIUN PROM
THE NTH LAYER FOR THE OIRECT PRUFILE, (2,LE,N,LE,NLAYRS)

VRATIO = ALPRA(I)/ALPHA(L®1) & VELUCITY KRATIC
snses  ELUUATIONS USED BY KEFKAC | «enes
19 SINCTHETA(N®],N) &8 ALPHA(N®])/ALPRA(N)]

2, SINCTHETAP(I®1,N) 8 (ALPHA(Ie1)/ALPRA(I)) »
(SINCTHETAP(I,N) ¢ PSI(1))

3¢ SIN(THETANM(Imi,N) & (ALPHA(lel)/ALPHA(])) o
(SINCTHETAM(I,N) o P3IC(L))

14
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REFOR

1110C
1120C
13130C
1140C
1150C
11e0C
1170C
1180C
1190C
1200C
1210C

CONT 14349840 0%/720/82 FlLk PAGE NO, 3

VMINUS(N) 8 ALPHA(L)/SIN(THETAP(L,N) ¢ PSI(1))
VPLUS(N) B ALPHA(L)/BIN(THETAM(I,N) = PS1(1))

TPLUS(O,N) B SUM (DVER ]s] TU 1sne}l) OF
HPLUS (1) (COSCTHRTAP(1oN)) « COS(TRETAMCI,N))I/ZALPRA(S)

THINUS(Oyn) & BUM (OVER [s1 TU jsnel) UF
HMINUS(E)W(COSCTHETAPLLI,N)) ¢ COBCTHRTAM(I,N)))/ZALPRALT)

1220C oo naaa et et et s ad et ae R R R AR A e AR AR AR AR R ARAANRaRAARARERARRRRARARAS

1230C
1240C
1250€
1260C
1270
1280C
1290
1300C
1510C
1320
1330
1340
1350
1300C
1570C
1360C
1390
1400
$uio
1420
1450C
1440
14%0
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1%60C
1570C
1560C
1590C
1600
1010
1020
1030
1635
1040

Dl

ol

ene  BEGIN PROGRAM REFRAC 1 wsw

P20,0174%532925
MENSION INPUT DATA ARRAYS AND COMPUTED AKRAY
REAL ALFHAC(S0),ALPALSO0), DELTA(SO0),MPLUS(SU),kMINUS(D0), PSI(50)

MENSION AND INITIALILE DUTPUT DATA ARRAYS
REAL TPLUS(50),TMINUS(S0),YPLUS(50),VMINUS(50)
DAYA TPLUS, THINUS,VPLUS,YMINUS/200%0,0/
REAL X(S0),Y(50),SPROLN,SUMCOS,SIGH
INTEGER D

READ INPUT DATAS NUMBER OF LAYERS (NLAYRS), LAYER VELOCITIES (ALe
PHA), DIP ANGLEY (DELTA) AND LAYER THICKNESSES (MPLUS)”

7000

1000

7200

7100

PRINT 7000

FORMAT (1ML, 40, *INPUT NUMBER GP LAYERS IN MODEL’y7)
READ 1000,NLAYRS

FORMAT (V)

PRINT 7200
PURMAT (111 ,8X, *INPUT LENGTH OF SHOT SPREAD?,/)

READ 1U00,SPRDLN

PRINT 7100
FORMAT(IH1,8%, "FOR EACH LAYER INPUT A LINE ENTRY wITH THE
& FOLLUNING DATA®,/,4X, "SEPAHATED BY CUMMASS LAYER VELUCITY,
BOIP OF INTERFACE,’)/s4X,) LAYER THICKNLSS?,//)

ALFNMiRO,

DO 10 N3§,NLAYRS

READ 1000,ALPHA(N),DELTA(N) /HPLUSIN)

ALPA(N)SALPHA(N)

ALPRA(N)BALPMA(N) /1000

THE FOLLOUWING CHECKE FOR MONOTONICALLY INCREASING VELOCI-

TIkS, IF THEY DECREASE, PROGRAM PRINTS ERRUR MESSAGE & STUPS,

10

IF (ALPRA(IN) LT ALPNME) GOTO YOV
ALPAMY & ALPMA(N)
CUNTINUE
DC 12 NB1,hLAYRSe}
LaN
CALL CHMINUS (HPLUS,SPROLN,L)P,DELTA,MMINUS)

I5




REFORN CUNTY Jusu9t40  0S/20/8¢ PILE PAGE NU, 4

1650 12 COATINUE

1000C
1670C PRINT QUY THE DATA READ IN ABOVE T0 CHECR FUKN ACCUNACY
1680 PRINT Q000,NLAYRS

1690 9000 FORMAT (1M1 ,4X,*VELOCIT]IES ARE IN METERS/SECT,

1700 . * (OR FT/SEC), TIMES ARE IN‘,/,

1710 &  SX,?MILLISECS AND LAYEWR THICKNESSES AKE IN METERS,(FT)*,//,
1720 & SK,’THERE ARE 7,12," LAYEKS IN TRIS MOUEL’,7/,

1730 &  SXpfLAYER NO, ~ VELOCITY = DIP (DELREES) He?, 9%, he?)
1740C

1750 NX2LSTENLAYRS=]

1700C

1770 DU 20 N=jJ,NX2LST

1780 PRINT S300,NyALPA(N) ) DELTA(N) ,HPLUS(N) yHMINUS(N)

1790 9100 FURMAT (L1MO,TX,12,6X,F7,0,3X,5F11,1)

1800C CALCULATE AND CONVERT LAYER ANGLES, PST (IN KADIANS), FRUM THE
1810C DIP ANGLES, DELTA (1IN DEGREES)

1820 PSI(N) & Pa(DELTA(N®L) = DELTA(N))

1830 20 CUNTINUE

1840 PRINT 9200,NLAYRS,)ALPACNLAYRS),DELTA(NLAYKS)
1850 9200 FORMAT (1MO,TX,12)6X%X,F7,0,3%,F11,41)

1860C

1870C DU LUUP 50 PERFURMS THE COMPUTATION UF TPLUS(N), TMINUS(N),
1880C VPLUS(N) & VMINUS(N) (2,LE,N,LE,NLAYRS), TPLUS(1)ETMINUS(1)80,V
1890C AND VPLUS(3) ® VMINUS(1) ® ALPHA(1),

1900C

1910 §INPY B SIN(PS]I(1))

1920 COSP1 = SART(1,0 = SINPIESINPL)
1930 DU S50 NEB2,NLAYRS

1940C

$1950C THE COMPUTATIUN IS STARTED BY FINDING SIN(THETA(N=1,N)) (OR
1900C STPIN) USING EUUATION 1, THE CUSINE (LTPIN) IS CUMPUTED FROM
1970C THE SINE, STPIN % CTPIN ARE SET EUUAL TU STMIN & CTMIN, RESe
1980C PECTIVELY, BECAUSE THETAP(Mel,h) & THLIAM(N®],N),

199¢ STPIN 8 ALPHA(N®L)/ALPHA(L)
2000 CTRPIN & SURT(1,0 o STRIN®STPIN)
2010 STMIN & STFIN

2020 CT™INn 3 CTPIN

2030C

2040C TRt NUNNING SUMS FOR THLUS AND THINUS AKE INITIALIZED YU ThE
€050C LAST YERMS IN EGWUATIONS o & 7,
2000C o

2070 TEMP & 2,00CTPIN/ALPHA(N®L)
2080 TPLUSN = HPLUS(N®] ) aTEMP

2090 THINUN 2 WMINUS(Ne))sTEMP

2100C

2110C 1F 22 (COMRESPONDING TO THE FIRST WerRACTED wAVE FRUM THE
2120C SECOND INTERFACE), THE SUMS FOR TPLUS & TMINUS mAVE JUST ThE
2130C ABOVE TEKRMS AND THE PRUGRAK JUMPS TOU LINE &0 TO ComMPUTE

2140C VPLUS AND VMINUS,

2150C

eiol IF (N,EW,2) GOTO 40

2170C

2180¢C DU LUOP 30 CUMPUTES THE REMAINING TERMS OF TPLUS & TMINUS (TNt
2190C 3UMS IN EULATIUNS 6 8 7),

b=
(2}
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2200C
22310
2220
2230
2240
2250
2260
2270¢C
2280C
2290C
2300¢
e310¢
2320
2330
2340
2350
2300
23710
2380
2390
2400¢C
2410€
2620¢C
2430C
2440¢
2450C
2460C
2470
2480
2490¢C
2500
2510
2%20
2530¢C
2%40C
2550¢
2560

CONT 16349340 05/726/82 FILE PAGE MU, S

DU 30 Ms3,N
i 8 neme)
PSI1 s PSI(lel)
SINPS] & SIN(PEL1I)
COSPS] 8 SURT(1,0 » SINPSIeSINKD])
VRATIU s ALPHA(L)/ZALPRA(]LeY)

IN COMPUTING TPLUS & TMINUS, THE SINES AND COSINES OF THE
THETAS FROM THETA(N®1,N) TO THETA(1,N) ARE NEEDED, THESE ARE
COMPUTED USING EQUATIONS 2 & 3,

STPIN B VRATIOW(SYPINGCUSPS] ¢ CTPIN®SINPSI)

STMIN & VRATIO®(BTMINRCUSPS] o CTMINGSINPSL)
CTRIN & SQAKT(1,0 » STPINSTPIN)
CTMIN & SURT(140 o STHIN®STMIN)
" TEMP = (CTPIN o CTMIN)/ZALPRA(L)

TPLUSN & TPLUSN ¢ mPLUS(I)RTENP

TMINUN & TMINUN ¢ HMINUS(I)ATEMP

30  CONTINUE

UPON EXITING DO LOOP 30, TPLUS(N) & TMINUS(N) HAVE BLEN COMw
PUTED, STPIN 18 THE SIN OF THETAP(1,NJ, CTPIN IS ITS COSINE,
AND STMIN & CTMIN ARE THEIR COUNTERPARTS PUR THE REVERSED PROw
FILE, THEN VPLUS(N) & VHINUS(N) ARE CUMPUTED USING EQUATIONS
4 AND 5, RESPECTIVELY,

40 TPLUSIN) B TPLUSN
TMINUS(N) & THINUN

VMINUS(N) & ALPMA(1)/(STPINACOSPL ¢ CIPINSSINPY)
VPLUS(N) & ALPRA(})/(STMINACOSPI = CTMIN®SINPY)
50 CONTINUE
aass  PRINT THE RESULTS OF THE PROGRAM wews

PRINT 9300

2970 930 FORMAY (1MODp//79106Xy"nnuan  CALCULATED RESLLTS anenn?,//,

¢80 (3 SX,*THE HURIZONTAL PHASE VELLOCITIES AND The °,

2990 ¥ ' PINTERCEPT TIMES®,/, )

26000 5 SX,°FUR THE DIRECT (4) AND REVEHRSED (=) PRUFILLS,%s/7/,
2610 & uX,TINTERFACE NUy PHASE VEL®  PHASE VEL®?,BX,°T¢7,9%,°1e")
e620¢

2630 DD 60 N=2,NLAYRS

2040 VPLUS(N)BVPLUS(N)#1000

2650 YMINUS (N)BVMINUS (N)#1000

26060 PRINT 9400,N,VPLUS(N) pVMINUS(N) p TPLUS(N) , THINUS(N)

2070 VPLUS(N)BVPLUS(N) /1000 ’

2680 YMINUS (NYEBVMINUS{N)Z1000

269089400 T OFONMAT (1HU,TX)12,3X,2015,3,3X,2F11,1)

2790 60 CUNTINUE

2710 GOTU 999

2720¢C

2730 900 PRINT 9900

2740 9900 FORMAT (31R1,9%,"CHECK YOUR INPUT VELULCITIES f,/,

17
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REFORK CUNTY 1414940 uY/2dosb2 FlLt PALE NO, b
27150 L3 SXy"Trey ARE "7 MUNCTUMNICALLY INCREASING,”)

2700 Gc TU 3000

erroc

2780 999 CONTINUE

2790C sesaPLOT REPRACTION PRUFILE LINES(T/D PLOT) nensane

e800C nennaP L UT DIRLCT PROFILE LINE nanee

2830 2605 PHRINT 7240

2820 T240 FORMAT(IMI,4Xx,"INPUT § IF YOU w]ISK TO PLOT $OknAKD®,/,

2830 BGX, "PROFILE LINE ONLY® o/ ux, "ENTER & TU PLOT PORNARU AND REVERSE
2840 CPRQPILE")

2850 READ 1000,M

F{ 11 Y(1)30

2870 Xc1)s0

2880 X(2)BTPLUS(2)/7(1/ALPHA(])=)/VPLUS(2))

2890 YC(2)8(3/ALPHA(L))wX(2)

2900 Ks3

2910 DO 70 NE2,N.AYRSe}

2920 X{K)B(TPLUS(N®I)oTPLUS(N))/(1/VPLUS(N)wl/YPLUS(N®]))
2930 Y(H)BTPLUS(N)*(1/VPLUS(N))®X(K)

2940 INTEGER O

2950 KEKe}

2900 70 CONTINVE

2970 X(K)BSPRDLN

2980 V(KJITPLUS(NLAVR§)O(l/vPLUS(NLAVRS))-X(K)
2990 IF(maEU,1) GG TO 2900

3000Ce2#P_L QT REVEWSE PROFILE LINE nean

3ule naKel

Joeo X(K)SSPRDLN

3030 Y(x)s0

3040 KgKhel

3050 X(K)STMINUS(2)/Z7(L/ZALPRACL)=1/7VMINLS(2))
30060 Y{R)E(1/ALPHA(L)) R (R)

5070 X(KR)IESPRDLN®X(K)

3080 KgKel

3090 UC 80 NEZ,N_LAYKDe]

3100 x(n):(TMINUS(NOI)-YHINUStN)J/(IIVPINUP(N)-llvPthS(NOI))
3110 Y(KIBTMINUS(N)@(1/7VHINUS(NM))eX(K)

3120 X(n)BSPRDLNeX (K)

3130 KEK$]

3140 80 CONTINUE

5150 X(K)SSPROLN

3100 YC(RIBTMINUS(NLAYRE) ¢ (1 /VMINUS(NLAYRS) ) o X (K)
3170 x(x)s0 )

3180 29u0 vYwaxzY(})

3190 Do 89 KKE2,K

3200 YNAXSMAX (YFAX,Y(KK))

3210 b9 CONTINUVE

3220 PRINT 8500, YMAX

3230 8500 FOHMAT(IN]1,4X,"LARGEST vALUE OF Y POR SCALING ISI1*,2X,P0,1!
4240 CaALL PLOT2(X,Y,k)
5250 3000 §TUP

3éo0 END

3270 SLBNUUTINE CHMINUS (MPLLS,8PRULNIN P OBLTA, ¥ INLS)
3280 DIMENSION HPLUS(10),DELTACIV),HMINLE(10)

3¢90 INTEGER »

18
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“ 3300 SLMCUSTL L0
3 33410 DO 93 De}l,Ne}
3320 SIGHEDELTACDSL)=DELTA(D)
- 3330 8UMCOSBSUMCOS#COS(SIGHSP)
b 3340 93 CONTINUE
- 3350 SIGHEDELTA(NSL )oLELTA(N)
‘ 3300 He INUS (N)BHPLUS (N) e SPRDLAASIN(SIGWaP ) a5UMLOS
33570 RE TURN
3is0 END
.4
o
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APPENDIX J: REFRINV EXAMPLE AND LISTING

The following procedure is used by REFRINV to determine: 1) the
layer velocities, Ons 2) the layer ''thicknesses', Hr": , and the interface
dip angles, dn, for layers with plane dipping interfaces all having

the same strike. The given or input data are: 1) the intercept time,

+
T-
on’

refraction profiles. All arrival times are assumed to be measured on

and 2) the horizontal phase velocities, Vrt1’ for direct and reversed

the surface and the + and - signs refer to the quantities associated with
the direct and the reversed profiles, respectively.

The velocity in the top layer, a 1» is given because it is the
horizontal phase velocity of the direct p wave (and has the same value
for both the direct and the reversed profiles). The intercept times of the
direct waves, '1‘61, for these profiles are both zero and the dip angle of
the top surface (the n=1 "interface'), 51, is defined to the zero.

The computation, therefore, is started with the data from the
second interface (i.e., the first refraction) corresponding to n=2 and

proceeds as follows:

Compute
ANGMNP,M = ©,, + §; = arcsin(a /V%')
= ANGNNP,M
and obtain
cxl/czn2 = sine12 = sin.SCANGNNP + ANGNNM)
% = o /sinéy,
¥y = -5 (ANGNNP-ANGNNM)
TEMP2 = 0.1/(2605612)

t _mt
H = T§,TEMP2

J1




+
thus, we have computed %, Ual(or 62) and H]“

ﬁ Then, for n=3, we compute
' ANGMNP,M = Bi's + Wl = arcsin (al/V%)
and we enter DO-loop 30, to compute

THETAP M = eis = ANGINPM ¥ 4
ANGINP M = 8,5 % Uy = arcsin(azsinefs/al)

(cos 9I3 + coseis)/c:1
TPLUSN, TMINSN = Tgs - H{mwpl.

TEMP1

We then exit DO-loop 30 and compute
ANGNNP,M = ANGMNP,M
03/02 = si.n923 = sin.S(ANGNNP + ANGNNM)
% = 0/sind);
W = .S(ANGNNP - ANGNNM)
TEMP2 = az/(Zcos 823)
Hy = (Tgg - H)TEMPL) TEMP2
Thus, we have computed o, wz(or 63-62+w2) and H;' as well as the previous
values of o, w.pand H{ by using the data from the first two refractions,
that is, the refractions along interfaces n=2 and n=3. (See Figure 1).

For n=4, we use the above results and the data from the refractions

along the n=4 interface N: and T54) as follows: we compute
ANGMNP,M = A3, £ & = arcsin ( o/V,”
and then enter DO-loop 30 to compute

THETAP,M = 67, = ANGWNP,M + ) . ,‘
ANGWNP M = 954 + wz = arcsin (olZ sin eh/ al)
TEMP 1 = (cos OI4 + Cos 9]'.4)/011 L
TPLUSN, TMINSN =T 5 - H; TEMP1 ..
THETAP,M = 03, = ANGINP,M & U
ANGWNP M = B3, ¢ % = arcsin (o sin ez‘j/az)
®

32 -
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+ -
, TEMP1 = (COS 624 + COS 624)/02

‘ TPLUSN, TMINSN = TPLVS, TMINSN - H:,t TEMP1. e
) o

We then exit DO-loop 30 and campute
ANGNNP,M = ANGMNP,M
a4/u3 = sin 64, = sin .5 (ANGNNP + ANGNNM)

a, = as/sin 834
'bs = , 5(ANGNNP-ANGNNM)
TEMPZ = az/(2 cos 6z,) -

H = (TPLUSN,TMINSN) TE4P2.
Thus, we have computed o,, tps (or 64 = 63 + wz) and H§. We now have
all the parameters for a four-layer model (three layers over a half
space) .
The data are tabulated with all the data for a particular layer
on one line in the following order: 1) the layer number, 2) the layer
velocity, 3) the dip of the top interface, 4) the layer ''thickness' for

the direct profile and S5) the layer ''thickness' for the reversed profile.

- PV
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10¢C

20¢

L1114

4oC

S0¢

60C

70¢C

80¢

90C

100C
110¢C
120C
130C
140C
150C
160¢
170C
180¢
190C
200¢C
210C
220C
230C
240C
250C
200C
270C
280C
290¢C
300C
310C
320C
350C
Jaoc
350C
3o 0C
370C
380C
390C
400C
4310C
4e0c
430C
440cC
4soc
[T 114
470C
480C
490t
so0t
S10C
$20C
$30C
S4oC
$90C

REFRAC 2 13 AM INVERSE PROGRAM, IT DETERMINES PODEL PARAMETERD

FROM MEASURED vALUES,
PRUGNAM REFRAC 2 mAS FOR 178 INPUTY
(FROM DIRECT AND REVERSED PRUFILES)
1) WORIZUNTAL PHASE VELOCITIES AND
2) INTERCEPT TIMES FOR EACH REFRACTIUMN AND
3) THE VELOCITY IN THE PIRST LAYER,
REFRAC 2 COMPUTES AS OUTPYT)
1) THE VELOCITY IN EACK LAVYER,
2) THE DIP (IN DEGREES) OF LACH LAYk INTERFACE AND
3) THE LAYER THICKNESSES FOR Tt DINKECT AND REVEHSED
PROFILES,
PROGRAM REFRAC 2 J8 THE INVERSE OF TME MOOELLING PROGKAM
REFRAC 1,
wxe LIST OF VARJABLES AND THEIR MEANINGS mew
ALPMA(N) = THE VELOCITY (OR waVE SPEED) IN THE NTH LAYER

ANGMNM 3 (ANGLE(MyNIMINUS) & THETAM(M,N) = PSI(M) &
8 ARSIN(SINCTHETAM)/SPEEDR(M)) (SEt EQON’S 1B, 28 & 38)

ANGMNP 8 (ANGLE(M,N)PLUS) ® THETAP(M,;N) ¢ PSI(M) =
s ARSIN(SIN(THETAP)/SPEEDR(M))  (Stt EQGN’S 1A, 2A & 3A)

ANGNNM 8 (ANGLE(N®L,NIMINUS) & THETA(Nel,N) ¢ PSI(Ne]) =
8 ARSIN(SINC(THETAM)/SPEEDR(Ne1)) (SEE EGUAT]ON 3B)

ANGNNP & (ANGLE(N®1,N)PLUS) = THETA(Nal,N) ¢ P5l(Nw}) &
© 8 ARSIN(SIN(THETAP)/SPEEDH(Ne}))  (SEL EGUATION 34)

C = CONVERSIONM FACTOKR, RADIANS TU DEGREES 8 57,2957
DELTN = Tnk DIF ANGLE OF THE NTHM INTERFACE

HMINUS(N) B THE LAYEK “THICKNESD™ POk THE NTM LAYER, REVENSED
PRUFILE, (SEE FIGURE 1)

HPLUS(N) 8 THE LAYER "THICANESS®™ FOR Thk NTH LAYER, DIRECT
PROFILE, (SEE FJGURE 1)

NLAYRS 8 (NUMBER OF LAYERS) ® TWk NUMBER UF LAYERS FOR wHICH
VELOCITIES miLL BE CALCULATED

NM] & (N MINUS §) & Nej
NX2LST 8 (NEXT TO LAST) & THE NUPBER DF THE MEXTeTUSLAST LAYER
PSI(N) = THE ANGLE BETWEEN THE SURFACES OF THE NTW LAYEKR

SPEEDR(N) = (SPEED RATJU) ® SPEDKN = THE VELOCITY IN THE

J4




REFRINY CONTY 141518334 05/20/82 FILE PAGE MU, 2
Se0C (Ne1)8T LAYER DIVIOED BY THe VELOCITY IN THE NTn LAYER
$70C ’
SUOC THETAM = (THETA MINUS) ® THETAM(I,N) & Tht ANGLE BETWEEN THE
$90C JYHOINTERFACE NOKMAL AND YHE RAY OF THE wWAVE THAT KEPRACTS
600C ALONG Tht NTH INTERFACE (N»1), YNtS'Iy POUR A DUWNWANDe
e10C TRAVELLING wAVE, ,(SEE FIGURE 1)
020C ’
630C THETAP 3 (THETA PLUS) & THETAP(I,N) & SAME AS THETAM EXCEPT
LT'T]+ THIS 18 FOR AN UPWARD®TRAVELLING wAVE, (SEE FIGURE 1)
650C
660C TMINUS(N) & THE INTERCEPT TIME FOR THE NTH REFRACTION (FOR
e74C YME REVERSED PROFILL)
(1114
690C THMINEN & THE RUNNING (ORCREMENTING) SuUM OF THE INTEWCEPT T]lMEy
700C USED 10 COnPUTE nMINUS (SEL EOUATION 9) FOR THE REVEKSED
710C PRnFlLL.
720C
1;0& TPLUS{N) & SAME AS TMINUS(N), EXCEPT FOK Tt DJRECT PROFILE
740
750C TPLUSN 8 SAME AS TMINSN, EXCEPT FOR THE DIRECT PROFILE
Te0C
T70C VMINUS(N) 8 (VELOCITY MINUS) s NUKIZOUNTAL PHASE VELUCITY kUR
780C Tnk REVERSED PROFILE DUE TO A REFRACTIUNM UN THE NTH
790¢ INTERFACE,
800C
810C VPLUS(AN) ® (VELUCITY PLUS) = WHORJZONIAL PHASE VELOCLITY FOR
820C IWE DIRECY PROPILE DUE TO A REFRACTIUN ON THE NTM
830¢C INTERFACE,
- 17]4
850C vi & TNE VELOCITY IN THE FIRST LAYER
8060¢C
870C
B880C sansw EQUATIONS USED sneee
890¢
SUUC THETAR(IsN) ¢ PE1C1) & ARSIN(ALPHA(L)ZVW]INUS(N))
910C z ANGMAP (m=1) (1)
920C
930C THETAM(]I,N) ® PSI(1) & AKSIN(ALPRA(1)/VPLUS(N)Y)
940C s ANGMAM (M=) (19)
95%0C
960C THETAP(Myt) ¢ PS1(M) & ARSIN(SINCTHETAP (M@l ,AN})/SPEEURIM))
970C 8 ANGMNF (24)
980C
990C THETAM(M,N) o PSI(M) = ARSIN(SIN(THETAM(Me]l,N))/SPEEDR(M))
1000C 8 ANGMNM (e8)
1030C
1020C THETA(Nel,N) ¢ PSI(Nel) s AﬁSIN(sIN(ThtYAP(N-z.A))ISPELDH(N'l)J
1030C 8 ANGNNP (MeNe]) (°A)
1040C
1090C THETA(N®],N) o PS](Nei) s ARSIN(SXN(1H§7AH(N'2;RJJISPELDK(N-I){
1000C & ANGNNM (MENel) (3uv)
1070C
1080C ALPHA(N®L)/ZALFHA(N) 8 SINCTHETA(N®L,N)) 8 SIN( .S (ANGNNPEANONN"))
1090C s SPEEDK(N) & SPLDKN \4)
1100C
J5
@ [ o L J | L J [ [ o [ ®




Y

e rrrvv

REFR]

1110C
13120C
1130C
1140C
1150C
13100C
1170C
1180C
1190C
1200C
1210€C
1220C
1230C
1240C
1250C
1260C
1270¢C
1280C
1290

1300C
1510C
1320

1330C
1340C
13%0

1360C
1379cC
1380C
1390

NV CONT JuE53834  05/26/82 PILE PALE MUy 3
PSI(Nel) & 0,5¢(ANGNNP » ANGNAM) 15)
TEMPL = (COSCTHETAP) ¢ COS(IMETAM))/ALPRA(MeL) o)
TEMP2 8 0,50ALPRA(N®])/8BRT(1, » SPEURNEW2) %2

MPLUS(N=1) & TEMP2e(TPLUS(N) o SuM FPROP [S31 TO he2 QF

MPLUB (1) eTENPY) L8)

HMINUS(N®1) 8 TEMP2e(TMINUS(N) o SUM FROM 31 TO Ne2 OF

HMINUS(])sTEMPYL) \9)

PARRRNRASARNARNRAAAARN AR SRAAANANANS
wanas  START PRUGRAM REPKAC 2 mwnwns
NERRRANNAARR A RARAARRRARPANRANARANS

wna  INPYTY

REAL VPLUS(50),YMINUS(50),TPLUS(50),TMINUS(50)

axa  QUTPUT

REAL ALPNA(S0),HPLUS(50) ,wMINUS(50),PELTN

aen VARJABLES

REAL SPEEDR{50),P61(50)
aunnan KEAD MOODULE soassnsn

READ 1000,NLAYRS,V]

1400 3000 FORMAT(V)
DECIMAL PUINT IN COLUMN 3}

14310C
1420
judo0
f440C
1450
1400
1480C
1490
1500C
1910C
1520¢C
1550
1540
1950
1500
1570
1580
1590
joul
1010
1020
1630
1040C
1650
1660

10

9004

ALPHA(1)sV]
NX2LSTRNLAYRSe]

R0 10 NEHNLAYRS

REAC 1000, VYPLUS(N) )VMINUS(N),TPLUSIN) pTMINUS(N)
DECIMAL PUINTS IN COLUMNS J,11,2) AND &9

RERECFEEFe

CONTINUE
senans PRINT MODULE ewswnawn

PRINTY Q000,NX2LST,V1
PUKMAT (3IML,4X,"VELOCITIELS ARE IN METERS/MILLISEC, °,
*TIPES ARE IN MILLISEC®,/,
SXp?AND LAYER THICKNESSBES IN MEYERS?,//,
SX,"NU, GF REFPRACTIONS 8 *,1¢,°) FIWSToLAYEK *,
"VELUCITY 18t°,F7,34/77/7,
SX,”INPUT DATAZ PHASE VELOCITIES AND °,
PINTEHCEPTS OF REFRACTIGONS®y/,
99Xy *MEASURED ON DIRECT (¢) AND NEVEWSLD (=) PROFILES?,s/7,
4Xx,"INTEWFACE NO, PHASE VELe PrASE VE|e 1e¢°,
9x,%1=°)

DU 15 NB2,NLAYRS
PRINT G1004NgVPLUSKN) o VMINMUDIN) o TPLUSIN)p TMIALS(N)

J6
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REFRINY CUNT

1670 9400 (1']
tene 15 CONTIN
je90C

1700C

1710C

1720C

1730C ALL CALCULAY
1740C

1750 DO 40 N=2
1760C

1770C USE EGUAT]IUN
1780 ANGMNP
1790 ANGMNM
1800C

1830 TPLUSN
1820 TMINSN
1830 NMY
1840C IF THE FIRST
1850C SKIP
1860 IF (N &
j870C

18680C DUe_0pF 30 C
1890C

1900 Do
19310C

1920C USE EGUATIUN
1930

194y

1950C USE EGUATION
1960

1970

1980C

1990

2000

20490

20a0 30

2030C

2040C UPOUN EXITING
2050¢C TRETA(Ne
2000C (THAT 15
2070C

2080 35 ANLNNP
2090 ANGNNM
2100¢C

2110C USt k@GN 4, F
212l SPEDKN
e33u SPEEDN
2140 ALPRA(
2150C

Q100C USE ELUATION
2170 PS] (NM
2180C

2190C USE EGUATION
2200 TEMPZ
2¢40 MPLUSH
L ] ] L

14891134 09%/20/78¢ FILE PAGE NC, ")

KMAT (§m0,19,4x,2F13,5,2F13,1)
uk

snaoan COMPUTATION MODULE anees
1UNS ARE PERPORMED IN DOeLUUP 4y
+NLAYRS

S 1A & §B YO FINC ANGMNP & ANLMNM  (ME])
= ARSIN(VIZVMINUS(ND)
&8 ARSIN(VIZVPLUS(N))

L 7PLU8(N’

s 1MINU§(N)

B Ne}

LAYER®S PARAMETERS ARt BEING CUMPUTED,
DUeLODP 30 (GUTD 39)

U, 2) GOTO 3%

UMPUTES THE SUMS IN EWUATIONS 8, ANC 9,
30 mm2,NMm}§

S 2A % 28 TOU FIND THRETAP § THETAM
THETAP 8 ANGMNP » PSI{(Mw]) )
THETAM 3 ANGMNM ¢ PS](Me})

S 2A & 2B TO FIND NEw ANGMANP & ANGMAM
ANGMNP B ARSIN(SIN(YMETAP)/SPEEDN(M))
ANGMNM B ARSIN(SIN{TRETAM)/SPEEDR(M))

TEMPL B (COSCTHETAP) ¢ COS(IHETAM))/ALPRA(M»])
TRPLUSN & TPLUSN » MPLUS(Me])aTEMP)

TMINSN 8 TMINSN & HMINLS(Mel)aTEMPY

CONTINUE ’

DU=LOUP 30, ANGMNP & anbMNM ARE (Stk EUNS 34 & 3¢/
19N) ¢/ PSI(Nel), KESPECTIVELY
? ANGNNP & ANGNNY, KESPELTIVELY)

B ANGMAY
B ANGMN®

IND SHEEDRIN) = ALPMA(Ne])/ALPHA(N), THEN ALPHA(N)
x SINCU,S*(ANGNANP & ANLNNF)Y)

(N) = SPELORN

N) B ALPHA(NMI)/SPEURN

S TO FIND PSI(Ne))
1) £ U,50(ANGNNF = ANGANAM)

5 8 5 9 TO FIND WPLUS(Ne)) & MMINYUS(Ne})

8 ALPHA(NML)/(2,28GRT (1, » SPEUKMESPEDKN))
NM1) B TPLUSNeTEMPR

J7
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REFRINY COnY UISYIdN 05720782 FlLE PAGE NC, 5
2220 MMINUS(NMY) = TMINSNeTEYPZ
2¢30 40  CCNTINUE
Pr{11]d
2250C eansns QUTPUT PRINT MODULE owwen
226ac
2270 PRINT 9500
2280 9500 FORMAT (1M0,//7,10X o wannn  CALCLULATED KESULTS weasset,/,
2290 $ SXp”The wAVE VELOCITIES, INTERFALE DIP§S AND *,
2300 [ 1 *LAYER THICKNESSES*,//,
2310 [ O, "LAYER NO, VELCCITY DIP (DLLOL) He?,8X, o)
2320C
2550 DELTN 3 0,0
2340 C & $7,2957¢8
2350C ’
2560 DO 50 Nm§,NX2LST
2}70 PHINT 9600,N,ALPHA(N) ,DELTN,HPLUS(N) jHMINLS(N)
2380 9600 FORMAT (J10,9X9F0,3,3F10,1)
2390C CALCULATE DELTN} CONVERT ANGLEY FROM RADIAND TO DEGREES
2400 ’ DELTN = CaPSI(N) ¢ DELTN
rL3Y] 50 CONTINUE ’
2420C
2430 PRINT 9T00,NLAYRS ,ALPHA(NLAYRS),DELTN
2440 9700 FORMAT (I30,9X,F0,3,F1043,4/7/7)
2450 80P
2460 END
J8




APPENDIX K: CROSSHOLE LISTING

CROSS fog2us 4 0S/728s8¢2 FILE PAGL NU, 1

10 CALL FPARAM{1,80)
20C TeIS PROGRAM waAS WRITTEN BY GEURGE k, SKUGLAND AND CHMELKED
30Canannnanagnanan CROSSHOLE SEISMIC INTERPRETATIUN snacssssnacntasnntonts
40C AND MODIFIED BY UwAIn K, BUTLEK (1977) Tu MELP
SoC DEVELOP A PLAUSIHLE TRUE VELCCITY INTERPRETATICN FrOM THE APPARENT
00¢C VELUEITY PRUFILE MEASURED IN THE FIELO BY CRUSSHULE SEISMIC
T0C TECHNIUUES, TRAVEL PATHS ARt ASSUMED TU BE GUVERMNED BY SNELL'S
80C LAw OF REFRACTION,
90C FROM THE INTERPRETED TRut VELOCITY PROFILE, A COMPUTED

100C APPARENT VELOCITYy PROFILE JS DERIVED FOR CUMPARISUN wlTH THE

110C FIELD MEASURED DalA, In ADDITION, AN OPTIUN 1S AVAJLABLE Tu

120¢C INPUT ANY TRUE VELUCIYY PROFILE FROM wHICM AN APPARENT VELOCITY
130C PROFILE CAN BE CONSTHUCTED AS A PUNCTION OF A SPECIFIED mULE

140C SPACING AND DEPTH INTERVAL COMFIGURATION,

150

160

170¢C USER MINTS (JULY 197T7)

180

190¢ 1, THIS PROGRAM CAN BE USED FUR SHEAR #AVE AS wELL AS COMPRESSIOMN
gogc WAVE VELOQCITIES,

1
220¢C 2, THE FUNDAMENTAL INTERPRETATION CAPABILITY OF THIS PRUGRA™ [§
230¢C BASED UPON THE MEASUKEMENT OF ONE TRUE VELOCITYY IN BACH VELOVITY
240C LAYER, THE wIDEST PUSSIHLE WOULE SPACING THAT wlil GIVE OME
250C MEASURED TRUE VELOCITY IN EACHW VELOCITY LAYER IS PREFERRABLE TO
200C A CLUSER BPACING, BRCAUSE ONLY APPARENT VELOCITIES DEFINITIVELY
270¢C ESTABLISH VELOCITY LAYER INTERFACES, IN UENERKAL, THE IDEAL UATA
280¢C BASE FOR EACH VELOCITY LAYER wUULD HAVE TWO APPARENT VELUDCITIES
:90: RELATIVE TU THE SAME INTERFACE AND ONE THUE VELOCITY,

00
310C 3, THE INTERPRETATION (F 4 PROFILE BEGINS AT ThE WIGHESY GEUPHOME
32¢0cC AND PROCEEDS DUWNWARD, UNLESS OTWERWISE SPECIFIED, THE FIRS)
330C VELGCITY IS ASSUMED TU bk A TRUE VELUCITY wITH SUCCESSIVE

340C VELGOCITIES THEN SCRUTINIZED FOR IANTERPRETATION UNTIL ThE' NEX!
350C TRUE VELOCITY IS E~COUNTERED. In CONCEPT, THE PROGRAM MOVES DOnN
3e0C THE PRUFILE FRCM TRUE VELOCITY TU TrUk VELUCITY RITH ANY MumDER OF
370C APPARENT VELCCITIES (O% NONE AY ALL) IN BETWEEW ADJACENT 1RUL
380C VELCCITILS,

190

400C 4y IF A FLELE mLASURED PROFILE DUGES NUT CONTAIN A MEASURED )kutk
4joc VELGCITY IN EACn vELOCITY LAYEK, THk OPTIUN TC IAPUT A TrUL

42uc VELCCITY PROFILE Can GENERATE A LOMPUTED APPARENY VELULITY PROFILE
430C THAT wILL COINCIDE wITw THE FIELD MEASURED PROFILE IF ThHE

440C MYPOTNESIZED TRUE vELUCITY PROFILE 10 A VALID POSSIBILITY,

450

460C 5, AN INPUT OPTION 1S AVAILABLE TU SPECIFY TrE CLEPEST THUE

470C VELCCITY, SINCE MUST oUREMCLES eND AT A HARDER MATEMIAL THAN
480C ENCOUNTERED ELSE~MERE IN THk PROFILE, THE MINIwWUM TIME PATH AY
490¢ Tk RAOTTOM OF Twi BOREMOLE PNOBAMLY GUES DEEPER THAN THE BOWENWOLE
%00C DEPIN, TNE DEPTH TU TRe LAST VELUCITY mMAY ALSD WME SPECIFIED IF
910¢ A DEPTH GREATEX THAN THE DEEPESY GEOPMUNE 1S DESIRED,

520

S$30¢C 0, TRAVEL PATHS AWk ASSUMED YO BEGIN AnD END IN THE SAME VELOCLTY
S40C LAYER, ALTHMOUGH NOT NECESSARILY AT Thk SAME DEPTH,

Seu
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CROSS

Soul
$70
S80
S90C
600
610C
620C
630C
640
650C
660
670C
680C
690C
700
710C
r120C
730C
T40C
750
ToOCeaan
770
780C
790C
800C
810
820¢C
830C
buocC
8s5ucC
860C
870cC
880C
890¢
900C
910C
920C
930C
940¢
950¢C
960C
970C
984uC
990¢C
1000C
1010C
102¢C
1050C
1040C
1050C
j1000C
1070
1080C
1090C
1100C

COnTY

103243 4 05728782 FILE PAGE Ny, P4

7o MOLE COORDINATES ARE NORTM POSITIVE, EAST POSITIVE, AND VEPTH,

FUTLRE IMPROVEMENTS

i1, PROVIDE FOR A TRAVEL PATH TOU BEGIN IN UNE LAYEK AND END N
THE ADJACENT LAYER, THIS CAPABILITY wILL ALLOW POR MORE
SOPMISTICATED SOURCE=GEOPHONE AND MULTIPLE GEOPHONE CONFIGURATIUNS

2, PROVIDE FOR A SPECIFIED IMTERFACE SLOPE,

3y PROVIDE A MUDEL TO GENERATE A MEISSNER WAVE FRONT UIAGRAPM
FOR CUMPARISON wITH A MEISSNER wAVE FRONT SURVEY TO BE
CONQUCTED IN CONJUNCTION WITH THE CROSSHOLE SuRVEY,

4, INCORPORATE UPHOLE TIMES TO AID IN THE INTERPRETATION ANV TO
PRUVIDE VERTICAL WAVE VELOCITIES (IN A SIMILAR MANNEK TO THE
U,S, BUREAU OF MINES PRUGRAM POR REFRACTLIUN SEISMIC PROFILING)
FOR CROSSHOLE SURVEYS,

PROGRAM INPUT anaa et aAnadtdANSANARARRRARRARARNARNARNRNNGANNRARER

FIRST CARD = FORMAT (12A6)

172

DATA IDENTIFICATIOM

SECOND LIST = FORMAT (4IS,uF10,0,215)

15

e*1l
1115

1e*17

2'-20

1040
21230
43S0
§je00
2L}
sbe70
71275
7080

INPUT OPTJUN COOE
§ FOR ARRIVAL TIMES
2 FOR APPARENT VELOCITIES
3 FUR TRUE VELOCITY PROFILE AND ARRIVAL TIMES
4 FOR TRUE VELOCITY PROFILE AND APPARENT VELOUCITIES
S FOR TRUE VELOCITY PROFILE
STORAGE KEY FOR USE WITH QUTPUT OPTICNS
OUTPULUT OPTION CODE
§ FOR TABDUMeAPPARENT VELOCITY AS A FUNCTIOUN OF NOLE §
2 FUR SUMARY
S5 FOR SUMTwWO
7 FOR CLARRYING OVER THE PREVIOUS TRUE VELOCITY PROFILE
TYPt OF SUMMARY TabLt DESIREU (FOR USE wITH JUP23¢)
1 FOR PARTIA|L SUMMARY THMREEL MGLE SET
¢ FOR FULL SUMMAKY TwWkEE HMULE SET
NUMBER OF SHOT RECORUS PER RMOLE SET
HOLE PAIKR AZIMUTH
MURIZUNTAL DJISTANCE HETWEEN BOREMOLES
FIRSY LAYER TRUE VELOCITY (1F NOY DEFINED BY THE DATA)
DEEPEST LAYER THLE VELULITY (1F NDT DEFINED BY Tmbk LATA)
DEPYIH TO THE DEEPEST LAYER (IF KNOWN)
HUMBER OF TRUE VELOCITY LAYERS FOR INPLT OPTIUNS $04,5
GEOPHUNE SPACING (FOk USE »]TM INPUY OFPTION S ONLY)
QUTPUT PUNCH OPTION (FOWR USE wiTh QPTICN &)

THIRD LIST o FORMAT (8F10,0)

110
f1e20

SHOTPOINT DEPTM (ZeCOORDINATL)
SHPOTHFOINT LUCAL XeDEVIATION (NORTH CIKECTIUN POSITIVE)

4 4.4 aa.a

Caaae A
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CROSS

1110€
1120C
1130C
1140cC
1150¢C
1100C
1170
1180
1190
1200
1210
1220
1230
1235
1240
1e4}
1242
1243
1250
1260
1270
1280
1290
1300
1510
1520
13530
1340
1370
1380
1390
1410
1420
1430
1449
1450
1400
1470
1480
1490
1500
1530
1520
1930
1540
1550
1560
1570
1580
1990
1600
1010
1620
1030
1040

820

200
250

490

“10

COANT 108248 4 05/28/8¢ FILE PAGE NU, 3

21240 SHUTPUINT LUCAL YeDEVIATION (EAST DINECTION FUSITIVE)
3140 GEOPHMUNE DEPTH (2eCUUKDINATE)
41e50 GEOPHUNE LUCAL XxeDEVIATION
5160 GEOPHMUNE (OCAL Y=DEYIATIOMN
61270 ARRIVAL TI%E, SECONUS (FOR USE wlTw INPUT OPTIUN 1 AND 3)
7180 APPARENT VELOCITY (FOUW uSE »ITH INPLYT UPTIUN 2 AND 3)
CUMMUN/ZINPUT/ZDS(50,20),06(50,20),58(50,20),56(50,20),
1 3 SFGS(SO;ZO).DFGS(SU.ZO).TR(sO.ZO).vA(Su.dO)oDPQSO.ZO)
[ eSX(50)ySY(50),82(50),6X(50),GY(50),62¢(50)
CUMMUN/ZQUTPUT/ZVL (U200 ,DL(2V,20),5VL(20,20),%x(20,20),TT(0)
L.VC(BO'ZO)
COMMUN /CONSTA/Z DELGS,VFIRST,VLAST,ULLASY,TITLE
CHARACTER®R4 DIN(R)
CHARACTER=00 TITLE
DATA DINC2)/VR3/
15TATa0
G0 T0o 2
CALL DETACH(1,]15TAT,)
PRINT 30 !
FORMAT("ENTER THE NAME OF THE DATA FILE YOU #ANT TO PROCESDY)
READ 820,0INC(Y)

IF(DIN(1),EQ,8n IGO0 T0 999
Call ATTACH(1,DIN,3,0,15TAT,)
FORMAT (V)

DATA AFAC 7 0,02 7, CFAC 7/ 0,405 ¢/

PRINT 89S

READ(1,800) TITLE
REAC(12810)LIN, 10PNy 10P2,ISUM M, DIST,ALIM,VFIRST,VLAST,CLLAST, I aAX,
& DELGS,IPUN

Ik (NgEG,0) N2y

JF(IOP1£G,0) GU TU 250

DO 200 I=31,20
DL(LsNIZ0,0
vL(IsN)BG,0
SVL(1,N)=0,0
K(I,N)B0,0

JF (M GT JMAX) JMAXESM

1F(JUPYEW,0) GU TO 43U

CALLRINPUT (10P1,n,10P2,M,018T,A21F,1MAX)
1 (IUF2,EW,0) 60 Tu Suu

IF(IUP2,EWG,1) CALL TABDUM (M,]lMAX)
IF(IOP2,EU,2) CALL SUMARY (JMAx,l1Suv)

IF (IUP2,EW,8) CALL SUMInC (MyM)
IF(IOP2,EG,7) CALL CARKYC (MyN, NIMAX)

JHAXED
IF(I0P),EQ,D) 6O TU §
GO TD 600
K3
o ® @ L J o @ o o ] L
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: CROSS CONT 105241 4 05/28/82 FILE PAGE NG, &
L‘ 1650 SUO0 IF (IUP1EUe1 U IUPYoEUs@) CALL CONTRU (1,d,%,N,I%AX,AFAC)
T
i 1670 600 CALL OPRINI (I1,J,M,NpIMAX,SAUF,558D,CHAL, IURY)
X 1680
i 169¢C CALL STATS (M,SNDF,SSND)
- 1700
: 1710 IF (IPUN,EQ@o1) CALL UPUNCH (M,N,IMAX,DIST,AZIr)
1720
1730 GO TO 1

1740 800 FORMAT(AGY)
1750 8310 FORMAT(V)
1760 895 FURMAT (1n})
1770 999 S§T¢P

1780 END
1790 SUBROUTINERINPUT (10UPL,N,J0P2,M)DIST,AZIM,]MAX)
1800
1810 COMMUN/ZINPUT/DS(50,20),D6(50,20),58(50,20),56(%0,20),
1820 & SFGS(50,20),DFGS(50,20),TR(50,20),VA(50,20),0P(50,20)
1830 % #SXC50),SY(%0),852(50),6X(50),6Y(50),G2(50)
1640 COMMUNZCUTPUT/ZVL(20,20),0L(20,20),S5VL(20,20),K(20,20),TT(6)
1850 &,Vc(20,20)
1860 COMMON /CONSYTA/ DELGS,VFIRST)VLAST,DLLAST,TITLE
1861 CHARACTER®60 TITLE
1879
1880 PRINT 51, TITLE
1890 51 FURMAT(T2,"CROSSHULE DATA e¥,A00,//)
1900
1910 PRINT 800, DIST
1920 800 FURMAT ( Sk, 30MHORIZUNTAL DISTANCE HLTYwEEN HGLES IS,F6.1,7/7)
1930
1940 IFCIOPI(NELS) GO Tu 600
1950 GZ(1)=0LLGS
1960 S2(1)=2DELGS
1970 DO 500 Js¢g,™
1980 SL(J)ESZ(J=1)¢DELLS
1990 500 GL(J)IBGL(JI=31)eDELGS }
2000 '
2010 600 PRINT #10
2020 810 FORMAT(OX,5MDEPTM,4X,6HMDIRECT 1 X, THARRIVAL, X BFAFPARENT,
2030 ES5X,9HSHOT ROLE,5X,0H0GE0 ROLE )/ p2K,4R8n0T,4X,3R6EL,2X, .
2040 SBHOISTANCE » I X pdRTIME ,3X ,UNHVELD O X, 5 xoDLV,3X,5nYesDEYV, ;o
2050 E3X,5HXeDEV,3X)SHYRDEV,//) @
FOLY T -4
2070 ANGLESO,017450AZI™ .. 4
2080 XFACSDISTRCOS (ANGLE ) e
2090 YFACSDISTaSINCANGLE)
2100
2110 DO 100 J7i,*
2120 o
2150 $X(J)=0,0 |
2140 5Y¢J)%20,0 . C 4
2150 GX(J)B0,0
2160 100 GY(J)%0,0 1
2170 B
2180 1F(ILP1,EV,S) GU TO 300
o
L
. 1
K4 ) b
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N .
CRUSS CUNT 10tcus 4 05/28/0¢ F1LE Pabt NO, L) %
2190 bDC 250 Jei,» 4
2200 IF(1OPL gl JUR IUPY EG,8) READ (1,820ILIN,DZ(J)sSXIJDedY(J),06201d), -4
2210 s GX(J),6Y(J) ®
22¢0 It (IOPL,e0,2,0R,JUPY ,El,4) KEAD (1,830 LIN,SZ(J)oSX(J)aSY(J),6L(J), 1
2230 . 6X(J)oGYLJ) )
2240 250 CONTINUE
224s DU o Jui,» .
22%0 IF(JOP) EQG, 1,0k, TUPY EU,3IREAC(],820)LIN,TR(J,N) 1
2260 IF(JOP) k0,2,0R,JOP)EG,4) REAC(1,820)LIN,VA(J,N) 1
226% o CONTINUE - R |
2270 IF(IOP1 ,EG,d, UKk, IUPT,k,4) GO TQ 300 ®
2280 DU 5 Jsi,m™ 1
2290 S TREJINIETR(JIGN)IZ1000, 1
23500 30v c0 200 Jmi,m
2310 DFRS(JoNISG2(J)a52(J)
2320 SFGS(JIN)IS(CX(J)4XFACOSX(J))Is(GX(J)eXPALeDX(J))
2330 SEGSIJIoNIBSFGS(J ) ) (GY(J)+YFACeSY(J))Iw(GY(J)eYFACeDY(J))
2340 SFES(JyN)BSART(SFGO(I,N))
23950 SS(JsN)BO,0
2500 SG(JsN)BSS(J)N)*SFGS(J,N)
2370 DS¢JIN)ESZ(J)
2380 0G(J/N)EBGZ(J)
2390 MYPOSGEDFGS (JyN)UPGS(J,N)+SFGS(J,N)SFGS(J,N)
2400 DP(JyN)SSURT (HYPOSW)
2410 1P (10P1,EQ,1,0R,IDPI,EQ,3) VA(J,N)IBOP(JINI/TH(JyN)
242y TP (IOPLEWa2, 0K, 10P L EU4) Th(J)N)BOP(JINI/VA(JgN)
2430 TP (LOP1,EG,5) VA(J,N)Z0,0
2440 IFCIOPI,LEQ,S) TR(J,N)SU,0
24S0 200 PRINT BUO, DS(JIeN)pDGCI MY OP LI N)pTRJIN) S, VA(JIIN) pSX(J) STV,
du0( X GX{(J)y6Y(J)
2470
2480 IP (QUPLBU, 1, 0R, 1P, BU,2) GU TO 900
249¢ READ (1,850) LIN,(DL(I,N),183,]1MA%e)) ,
2500 REAL (3,8S0)LIN, (VLI N), 12 ,1mAaX) :
2510 dou FURMAT (//,3$2nSPECIFIED TRUt VELUCITY PRUFILE b
2520 PRINT 800
2530 BU 400 Iz1,IMAXel
254V 4UU PRINT 8ob, VLII,M),GL(L.N)
29550 PRINT 865, VL(I%Ax,\)
2500 B0 FURMAT (2uX,)FY9,1,/,3u%X,Fq,1)
es7u RETUR:
2580
2590 900 CUNTINUE
2600 IF(VFIRST,GY,0,0) PRINT B72, VFIkST
2ol IF (VLASY, GT,0,0) PRINT 674, VLAST
2020 $F (OLLAST ,GT,0,0) PRINT 870, DLLAST
2630 REJURN
2040  BT2 FURMAT (/,10X%,50nTHE FIRST LAYER TRUL vELOCITY »AS SPECIFIEv TU BE
2050 ) 1F8,0)
2000  B74 FORMAT (/,10%,92~TmE DEEPEST LAYER TRUE VELOCITY wAS SPECIFIED YO
20670 (9,13 WFBLU)
2680 B70 FURMAT ( J0X,%ImTHE DEPTK TO THe DEEPELY LAYEN wal SPLLIFILD TO o
2090 (43 WF7,1)
¢T00 820 FORMAT(Y)
2710 830 FURMAT (V)
s
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CROSS

2720
2730
2r40
2750
2700
eT70
2780
2790
2800
eulo
e8]
282v
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
30060
5070
3Joso
3090
3100
3110
3120
3130
3140
3150
3100
3170
3180
3190
3200
3210
3220
3230
3euv
32%0

CUATY

103243 4 05726782 FILE PAGE WL, &

840 FURMAT (YI.FO.I,TO.Fo.l,HS.bb,lﬂéd.' Tell 180 ,F7,0,758,
$2FE,2,75%,2F8,2)

850

&

5

FUOKMAT (V)
EnD

SUBROUTINE CONTRU (IoJdo¥, N, 1PAX,AFAC)

CUMMON/INPUT/DS(50,20),06(50,20),55(50,20).56(50,20),

SFGS(90,20),DFG5(50,20),TH(%0,20),VA(50,20),0P150,20)

CUMMON/ZOUTPUT/ZVL(20,20),DL(20,20),3VL(20,20),Kx(20,20),T7(0)
CUMMUN /CUNSTA/Z DELGS,VFIRST VLAST,DLLAST,TITLE
CHARACTER®0OQ TITLE

PRINT 110,TITLE
FORMAT (/7/,72,"CRUSSHULE DIAGNOSTIL e",A00,//7)

1sy
I8

IF(VPIRST LE,0,0) &0 YO 300
IF(VFIRST,GT,0,0) PRINT 810, VFIRSY
810 FORMAT ( 2X,59HCAUTION = THE FIRST LAYER TKUE VELUCITY wAS dPECIF]

£D TO BE

1F7,0)

TFAVACIINIZVA(R2,N) 6T o) 0aAFAC AND VAL )N)/ZVA(2oN) LT o1,0¢4A%AC) GO

T0 100
G0 T0 Y00

100 PRINT 8